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ABSTRACT 

• Some central issues in discussions of creative 

processes in science are: (1) the mechanism (s) by which hypothesis 
formation takes place; (2) the sources of new knowledge during 
hypothesis formation; and (3) the "Eureka" versus steady accumulation 
(accretion) issue concerning the pace of change during hypothesis 
formation. This paper attempts to investigate the question of whether 
data from transcripts of scientists thinking aloud have the potential 
to speak to these issues. A case study is examined in which the 
subject generates a new explanatory model hypothesis — a predictive 
analogy which describes a hidden process explaining a phenomenon. 
Findings from the case study appear to show that it is possible to 
study hypothesis formation and creative insight processes in thinking 
aloud protocols. The present study suggests a view of hypothesis 
formation in science that is more complex than can be provided by 
either an induct ivist, rationalist, Eurekaist, or accretionist 
position alone. Recent analyses of Darwin's thought processes are 
found to be similar in many respects to the present analysis of 
thinking aloud data. (Author/yP) 
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Abstract! Sone central issues in discussions of creative processes in 
science are: (1) the nechaniaro<s) by which hypothesis formation takes place; 
(2) the aources of new knowledge during hypothesis formation; and (3) the 
Eureka vs. strady accumulation (accretion) issua concerning the pace of change 
during hypothesis formation. This chapter attempts to investigate the 
question of whethar data from tranacripts of scientists thinking aloud has the 
pctcntial to speak to these issues. A case study is examined in which the 
subject generatas a new explanatory model hypothesis — a piedictive analogy 
which describes a hidden process explaining a phenomenon. 

Obscivations from the caae study indicate the following: (1) *'Ahal'* 
episodes are observed which lead to creative insights. It is argued that 
these can involve fairly sudden reorganizations but do not necessarily involve 
extraordinary or unconscious reasoning. (2) A new hypothesis can be developed 
and evaluated by a scientist in the absence of new empirical information via 
thought experiments and other means. Some of the processes used are neither 
inductive nor deductive. (3) In particular* analogy generation and other 
divergent processes can play a role in the generation of new hypotheses. (4) 
Analogous cases ara not only produced by associations to existing cases in 
memory, but by tranaformat iona which can generate newly invented cases. (5) A 
n»v explanatory raodel can be invented via a successive refinement process of 
hypothesis generation* evaluation, and modification, starting from an initial 
rough analogy. This dialectic model construction process is shown in Figure 4 
and includes both empirical and non-enpir ical elements. (6) Such a cycle can 
be more powerful than a blind variation and evolution process. For example » 
when difficultiaa have been identified in an existing model » subsequent 
generation and modification processes can serve to remove the difficulties. 
(7) Philosophers have t^.)ded to separate the "context of discovery" (theory 
generation) from the "context of justification" (theory evaluation) in their 
discussions of scientific method. The presence of an evaluation component and 
the observation of very small cycle tines for the loops in this cycle 
(occasionally on the order of a single minute) make it very difficult to 



separate the context of discovery from the context of justification in the 
early stages of hypothe&is formation. Hypothesis evaluation processes appear 
to be an inherent part of nypothesis formation down to resolution intervals of 
a single minute on occasion. (6) The persistence of an initial model that 
resists replacement and the observer^ tension between it and a perceived 
anomaly may be partially analogous to the persistence of a paradigm in th* 
face of anomalies in science. An important function of the atrategy of 
searching for analogous v.ases is that it fD«y help the subject to break avay 
from such a peisistent but inadequate model. 

Thus it appears to be possible to study hypothesis formation and creative 
insight proceSi.ea in thinkMg aloud protocols. The present study suggests a 
view of hypothesis formati* i In science that is more complex than can be 
provided by either an indo. ivist, rationaliat, Eurekaiat, or accretionist 
position alone. Recent anbiyses of Darvin*s thought processes are found to be 
similar in many respects to the present analysis of thinking aloud data. 

Figure A may provide a useful hypothesis for the process students should 
use to learn scientific models in science education. As such it may auggast a 
more explicit meaning for the concept of "knowledge construction". An 
extended abstract is provided by the summary at the end of the chapter. 
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INTRODUCTION 

There is growing recognition that mental models play a fundamental role 
in the comprehension of science concepts. The process of learning via model 
construction appears to be central for science instruction but is stiM very 
poorly understood. This chapter uses evidence from case studies, in which a 
scientist is asked to think out loud, to argue that nonformal reasoning 
processes that are neither deductive nor inductive can play an important role 
in scientific model construction. The construction procecs is complex and 
involves repeated passes through a cycle of hypothesis generation, evalui^tion. 
and modification. 

•Aha* episodes are also examined which show that a scientist can generate 
creative insights via spontaneous analogies and other divergent p/ocesses. It 
is argued that these innights can involve fairly sudden reorganizations in the 
structure of a mental model but do not necessarily involve extraordinary or 
unconscious thought processes. The introduction and summary of findings at 
the end constitute an overview of the chapter. 
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Questions About the Nature of Scientific Thebry Formation 

Galileo's theory of motion, Faraday's concept of the magnetic field, 
Darwin's theory of natural selection, and Einstein's theory of relativity are 
commonly cited examples of creative achievements in science. Each is a aajor 
event in the history of scientific ideas, and in each case something very new 
emerged that affected the entire scientific community and subsequently 
affected civilization as a whole. Analyzing how such achievements t«ke place 
is a worthwhile goal* but achieving this joal has unfortunately proven to be 
surprisingly difficult. The universally recognized Importance of great 
advances in science has not made the problem of describing the processes by 
which they were created any easier. In Darwin's case, for example, it la 
possible to argue that the theory of naturel selection was built up graduallx 
through a large number of detailed empirical observations. But on the other 
hand, it also is possible to argue that the theory was the result of a aental 
br^^akthrough well after the Beagle's voyage in the form of an insight that 
constituted a sudden reorganization of Darwin's id««s. Thus, even with 
respect to specific historical examples, disagreement emerges as f the basic 
sources and pace of theory change in science. 

At issue here Is an important question concerning the nature of science. 
Cast in its most global and extreme form, the question 1st 'Does science 
change in an incremental manner, with a series of many small empirical 
observations inching it forward, or do occasional large breakthroughs occur In 
the mind of the scientist in the absence of new data, eech causing a great 
leap forward in the field?" One purpose of this chapter is to determine 
whether the irethodology of protocol analyais has the potential to illualAate 
some aspects of this question by using data from transcripts of scientists 
solving problems aloud. I will concentrate most on an example of a 

7 
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breakthrough episode in a thinking aloud case study and discuss the senses in 
which it is and is not «n example of a scientific insight or "Eureka" event. 
In particular, the case study is used to address elements of the following 
more specific questions! 



1. What ia a scientific insight? Can one identify "insight 
avents" or "Eureka events" is thinking aloud protocols? Why do 
insights occur? Why do periods of slow and fast progress occur 
in scientific thinking? 

2. Vhat processes are involved in the generation of a scientific 
hypothesis? In particular^ are hypotheses always generated as 
inductions from data? Vhat role do analogies and thought 
experiments play in creative scientific thinking? Vhat is the 
role of explanatory models? 

3. Are there parallels between the tensions observed in an 
individual scientist thinV'ng aloud and the tensions Kuhn 
describes between an anon y and a scientific paradigm? 

4. Vhat impact do findingr relevant to the above questions have 
on the concepts of "knowledge construction" and "discovery 
laarning" in a theory of instruction? 

I will attempt to show that empirical evidence can be collected which can 
speak to certain aspects of these questions. 



BACKGROUND QUESTIONS FROM PHILOSOPHY OF SCIENCE 

The Source and Pace of Theory Change 

Eurekais m vs. secret ionism . It is useful to separate out two major 
issues involved in the controversy ovar hypothesis formation, the pace of 
scientific theory change and the source of new theories (represented, 
respectively, in questions 1 and 2 above). Vith respect to the pace of theory 
change, one can contrast Eurekaist and accretionist positions. A Eurekaist 
claims that a theory can be changed at a very fast pace by an insight that 




4 



reorganizes its structure. In its strongest form, Eurekaism ia associated 
with sudden flashes of inspiration, possibly following a period of incubation 
or non-consc ious mental activity. Thus, some ideas may form in and arrive 
suddenly from the unconscious mind. 

An "accretic ist" or incremental view of the pace of scientific theory 
change holds that a scientist gains knowledge in small piecea and puta them 
together deliberately at a slow and even pace. This process can lead to a 
smooth progression in the attainment of knowledge^an incremental "march of 
progress" without large-scale reorganizations. 

Rationalism vs inductivism . A second major issue is the source of new 
theoretical knowledge. The question of the sources of and justification for 
new knowledge is a central point of controversy betweer. the rationalist and 
empiricist traditions in Vestern thought. The rationalist tradition 
emphasizes the pover of reasoning from prior knowledge and greatly values the 
consistency and beauty of the reaulting theories. Reasoning power, coupled 
with the prior beliefs of the leerner ere empheeized es sources of knovledga. 
On the other hand, the empiricist tradition emphasizes the importance of 
careful observation end greetly velues the reliebility of repeetable 
experinentel procedures. Here the tern induction will denote e procees by 
which e more general principle is ebetracted from e set of empiricel 
observetions es the source. I will use the term inductivism to refer to the 
belief that induction is the primary, if not exclusive, source of hypothesee 
in science. Steted most simply, scientists gredually gather fectSi use 
inductive reasoning to organize them into generel stetements, end finelly 
build up a pyramid of generel empiricel lews thet summarize all of the 
gathered date. Theory-driven and date-driven epproeches in artificial 
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intelligence can to tome extent be thought of as modern inheritors of the 
rationalist and induct ivi&t viewpoints. 

Although they refer to different issues, the Eurekaist vs. accretionist 
and rationaliat va. inductivist controversies are not independent 
historically, but tend to interact. Eurekaism tends to be associated with 
rationalismi while accretion ism tends to be associated with induct iv isn. Thus 
it is sof "^ines useful to refer to an individual position as "rationalist- 
Eurekaist" or " indue t ivist-accret ioni st . " A rat ional ist-Eureka ist view cf 
theory change ia associated with the idea that scientists at times roust be 
very creative, whereas the indue t ivist-accret ionist view suggests that 
scientists can roake progress by relying on »Mall changes without la/ge 
creative breakthroughs. This simplified picture of two opposing camps can 
then be used as a starting point for introducing some important issues 
concarning the nature of science. 

Goulc! (1980) notes that writers on both sides of this controversy have 
tried to claim Darwin's theory of evolution as an example. Historically, 
Induct ivist-accretionists claimed that it was a prime example of the power of 
induction, as facts gathered by Darvin during the voyage of the Beagle were 
slowly pieced together into a grand theory. Rat ional ist-eureka ists claimed 
that Darwin had a sudden, crucial insight upon reading Ma] thus' theory of 
human population constraints. 

But both of these positions run the ri^k of being oversimplified. As 
Gould (1980) puts it I "Induct ivism reduces genius to dull, rote operations. 
Eurekaism grants it an inaccessible status more in the domain of intrinsic 
mystery than in a realm where we might understand and learn from it.** The 
implied challenge here is to fin'' a less simplistic view that helps to explain 
creative behavior in a non-trivial way. In this chapter accounting for the 
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data from the case study leads to a more complex view of scientific discovery 
than any of the extreme Eurekaist, accretionist, rationalist, or inductlvlt: 
positions can provide. Toward the end of the chapter. I will also review some 
recent historical studies of Darwin's insights which point to the same 
conclus ion. 

Philosophi c al Positions 

I give a brief outline here of how these two broad questions concerning 
the source and pace of scientific theories interact with some of the major 
20th century philosophical positions on the nature of the scientific 
enterprise.^ Prior to this century, empiricists focused on observation as the 
primary source of knowledge in science, and the 20th centuiy logical 
positivists built on their tradition by attempting to show that scientific 
knowledge could be grounded firmly in sense experience. In their view careful 
observations, and the assumptions of a common scientific observation languata 
and the applicability of the laws of logic and probability, could provide 
science with knowledge of the utmost reliability, if not certainty. Although 
the logical positivista concentrated on issues surrounding the Justification 
of theories rather than their origin, their empiriciam alao affected views of 
the origins of scientific knowledge. Science waa described in an accretionist 
manner as building and extending theories incrementally, approaching truth in 
a monotonic way. For example. Carnap held the inductivist belief that acience 
advances upwards from particular empirical facts to generalizationa which 
aummari« or provide an abbreviation for a body of auch facts (Suppe. 1974. p. 
I5n). Certainly positivism has influenced the methodology of other 
disciplines (e.g. behaviorism in psychology) in this direction. 
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Important attacks on the potUiviit poiition» tuch as Popper »• tuccess 
in ahoving that induction cannot confirm the truth of theories, Hanson's claim 
that observations are "theory laden", and Kuhn's claim that theoretical 
advances often precede the empirical findings used to support then in science, 
have raited serious problems by arguing against the empiricist emphasis on 
sense experience as the preeminent basia for kno^fledge. Popper (1959) held 
that tha proper role f.,r data is in the criticism rather than the confirmation 
of hypotheses. Hypotheses are conjecf *es made by scientists rather than 
certainties abstracted from data. But these conjectures can be reliably 
criticized and falsifitd by collecting data. This allova science to make 
ptogress via a series of conjectural hypotheses and reliable criticisms. 
Popper's work provided support for the model shown in Figure 1, the 
h>pothetico-deductive method. ' ere are three main stages shown here: (1) • 
hypothesis is formed by conjecture; (2) predicticns deduced from the 

ot^^esis are tested ampirically; (3) if the prediction is incorrect, the 
nypothesi» is rejected and the cycle restarted. Popper maintaiL>d, contrary 
to the lotical positiviata. that a auccessful empirical test d.d little to 
confirm a hypothesis, but that fsiling such a test was grounds for rejecting a 
hypothesis. Thost hypotheses thst survive the gauntlet cf repeated teating 
become accepted laws. Favored Iswa emerge through the survival of the fittest 
conjectures, so to spesk. However. Popper's emphasis on conjecture also opens 
up the possibility that a non-inductive, non-accret ionist process, or even a 
Eureka event, could be involved in hypothesis formation. 



(Figure 1 about here. ) 
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Popper's views have in turn been criticized in a number of ways. The 

most relevant shortcoming for the purposes of the present study is that his 

classic work do<.s not specify nechaniama for generi^ting hypotheaes; he 

relegates this task to ps>chology and aays only that hypotheses must be 

conjectural in nature. Also, Hanson's notion that observationa can bs 

"theory-laden** implies that empirical tasting in the hy^aihetico-deductivt 

method may not be fully reliable and aufficient on itn own as s asans of 

hypothesis evaluation. (Other mtans of hypothesis evsluation that srs nore 

rationalist in character will be discusaad in the next aection.) 

With regard to the pace of theory change, Kuhn's ideas of revolution 

within a scientific discipline and the creative "gestalt switch" required for 

an indiviojal scientist to move outside of hia own paradigm argue against so 

sccretionist view of theory changa. In this viev, normal science may ba 

accretionist in character, but « evolutionary periods in scienca involve criaia 

and reconstruction, implying that acience progresaes at an unevan paca with 

perioda of slow and fast change. On the other hand, critics of Kuhn» auch aa 

Toulrain (1972), have in tur.i queationed the reality of acientific revolutiona» 

2 

arguing for a more continuoua view of theory change. 

In summary, an inductivist-accretioniat view of acience seas it aa 
compiling facta and generalizationa in a piece by place fashion. Induction la 
the primary process of hypothesis generstion, vith a one-directional flow of 
knowledge from datu upward to theoriea. In a ratio;:«liat-£urekaist viaw» on 
the other hand, aignificant theoretical developments can occur when a 
scientist formulates mental constructions at some distance fro!ti v*xisting dsts 
and can actually develop new ways of looking at old data. Tnus knowledge can 
tlow from a newly invented, general Iheory downward to influence the format ioi; 
of new specific theories, to reorganize one's view of exUting data, and to 
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suggtst nev places to collect important data. Such reorganitations presumably 
would require a large degree of creativity, perhaps even extraordinary 
"Eurtka" episodes of insight. 

Thess two vitws have been the subject of continuing controversy. 
Philosophers have taken various positions between the extremes, and some have 
atttapttd to point to examples fron the history of scienct supporting their 
position. However, in historical studits it is always difficult to find data 
saying much in detail about the actual process of hypothesis formation in the 
individual scientist. In the next section I consider several descriptions of 
this process as proposed by philosophers, after which I analyze a thinking 
aloud cass study to examine these issues from an empirical base at a more 
detaiUd Icval. In this cass study, examples of non-inductive reasoning in 
the formation of hypotheses will ba examined in order to determine whether 
this type of data can challenge the inductivist position; and an identified 
"insight episode" will be examined to determine whether it can provide support 
for or against a Eurekaist position. 



SOHE POSSIBLE VIEWS OF HYPOTHESIS FORMATION PROCESSES IN THE INDIVIDUAL 

SCIEKTIST 

How are Hypotheses Formed? 

In this section, it will be useful to concentrate on the more specific 
question: "What are the mental procesaes by which hypotheses are formed in an 
individual?' The answer to this question should involve some sort of model of 
mental processes being used. Discussion of this narrower question about 
individuals may be of some interest to those investigating the broader 
<,uestion abovt science as a whole, even though the latter issue is more 
complex. In fact, surprisingly little work has been addressed to this 
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quc*stion, especially in comparison tc the compleroentaiy question; "Hov art 
scientific hypotheses tested?" Here I give a brief overview of several 
possible positions that can be taken on the first question concerning 
formation. 

Popper's position and the hypothetico-deductive method shown in Figure 1 
can be taken as a st««rting point here in the form of a non-answer. The Mthod 
shows one way in which hypotheses might be tested but does not show bow they 
are generated. 



( Figure 2 about here ) 



Answer 1; Hypothetico-Deductive Hethod Plus Induction 

Popper argued convincingly that induction cannot be used to confim the 
truth of scientific theories. However, some modern scholars retain soma fom 
of induction in their model of scientific method as a way to suggest 
hypotheses, rather than to confirm them unequlvoc jUy . This csn be 
represented by the model shown in Figure 2 — combining the hypothetico- 
deductive methoj with induction as a source of hypotheses. Here there ia no 
claim for a "logic" of diacovery, but only for a fallible method for 
generating hypotheses. Further expel imerVs are performed in order to •▼alusta 
the inductions. Such a diagram is commonly implied in everyday 
characterizations of scientific method as a combination of induction and 
deduction. Scholars such as Harre (1963), Achinstein (1970), and Gregory 
(1981) argue that induction can play a major role in hypothesis formation. 
However, they believe that other processea can be involved as well. Mora 
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recently, Langley (1979) hss attempted to develop simulation models of data- 
driven inductive processes for generating certain scientific laws. 

Answer 2; "Creative Intuition* 

la some form of induction or guessing the only source of scientific 
hypotheses? A number of recent authors have answered "no" to this question by 
pointing to the role of creativity, intuition, and the unconscious in 
Cenersting hypotheses (Koestler, 196A; Polanyi, 1966; Rothenberg, 1979). 
Unfortunately, I can only make the briefest mention of these long and detailed 
works here. Their views can be roughly characterized as replacing the 
"Hypotheais Forastion by Induction" step in Box A of Figure 2 with a process 
labelled "Hypothesis Formation by Creative Intuition." For example, Polanyi 
emphaaizea the role of intuition and tacit knowledge in science. Rothert^rc 
proposes a process of "Janusian thinking," .^hereby s person is able t; 
juxtapose seemingly contradictory ideas, as a connon element in creative 
thinking. Koeatlcr pointa to "bisocietive thought"— the ability to connect 
normally independent frames of reference— and to the role of the unconscious 
in accounting for creativity. 

An intereating controversy hss emerged in this ares. Perkins (1981) 
argues that all of these descriptions attempt to point to extraordinary 
thinking processes; they attempt to supplement ordinary reasoning with 
something more powerful. He cov *^rs this ides with the claim th«t most 
crejtive acts can be explained plausibly by s model where a person uses 
certain ordinary thinking processes more intensively, or with special goals in 
mind. In his view, the difference between s creative and an uncreative person 
i« • difference of degree and purpoae, not a difference of kind. Perkins also 
describes authors like Koestler as contributing mainly to the description of 
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the products of creative thinking; a remaining problem is lo specify the 
processes of creative thinking in more detail. 

Answer 3: Analop.ies and Successive Refinement Cycles ss Sources of Explsnstory 
Model Hypotheses 

The work of another group of scholars in philosophy of science, including 
Campbell (1920), Harre (1961), Nagel (1961), and Hesse (1966), .ugge.ts that 
analogies may be a source of hypotheses. They srgue that scientists often 
think in terms of theoretical explanatory models, such ss molecules, wsve-. 
end fields, which are a separate kind of hypothesis from empirical lawa. Such 
models are not simply condensed sunwaries of empirical observations but rather 
are inventions that contribute new theoretical terms and imagea which are part 
of the scientist's view of the world, snd which are not "given- in the dsts. 



( Figure 3 about here ) 



As shown in Figure 3, they see a diatinction between an empiricsl law 
hypothesis summsrizing an ob.erved regularity and what I will call an 
explanatory model hypotheais. CanpbMl*. oft-cited .xampl. is that merely 
being able to make predictions from the empirical gaa law atating that PV is 
proportional to RT, is not equivalent to under.tanding the explanation for gs. 
behavior in terms of an imagable model of bill iard-b.l 1-like molecule, in 
motion. The model provides a deacription of a hidden procea. which explains 
how the gas works and answera "why" questions about where obaervsbl. changes 
in temperature and pressure com. from. Csusal relationships are often centr.l 
in such models. The model not only add. aignificant explanatory power to 
on.', knowledge, but also heuristic power which stimulates the future growth 
of the theory. i„ this view, the visualizable modal i. a major locu. of 
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neaning for a scientific theory. (Sunmaries of these views are given in 
H«rre» 1967 and Hesse, 1967). 

The above authors, as well as Blsck (1970), argue that models involve 
analogies to familiar situations (e.g. gases are analogous to a collection of 
colliding balls). In Nagel*s terms, such visualizable analogue models help 
scientists *naka the unfamiliar familiar." This suggests that analogical 
reasoning may be an important non-inductive sout^ for generating such 
hypothetical models. More recently, theory formation and assessment cycles 
using analogies have been discussed by Clement (1981), Nersessian (196A), 
Holland, Holyoak, Nisbett, and Thagard (1986), and Darden and Rada (1988). 



( Figure A about here ) 



Most of the above authors also emphasize a rational (non-empirical) 
contribution to hypothesis evaluation, holding that explanatory models are net 
Just tested empirically but also are evaluated non-empirically with respect to 
criteria such as simplicity, aesthetic appeal, and consistency with other 
accepted models. 

The model co-istruct ion cycle. Figure 4 represents an attempt to bring 
together severil of these features in a single idealized model of the 
hypothesis development process for constructing visualizable scientific 
models. Such a process could be used, for example, to develop an explanation 
for a newly recognized phenomenon. Essentially, the diagram depicts a 
cyclical process of hypothesis generation, rational and empirical testing, and 
modification or rejection. It is difficult to describe so complex a process 
in a single diagram, but a simplified model will aid In the present analysis. 
In contrast to Figure 2, in Figure A, when a hypothesis is evaluated 
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negatively, it can sometimes be improved through modification, instead of 
being completely rejected. Thus, it msy undergo a series of successive 
refinements . 

The double ended arrows between Make Initial Observations and Construct 
Initial Model represent the idea that not only does model construction respond 
to observation but that one's focus of attention during observation can 
guided by one's initial model. This and other double ended arrows indicats 
that tha initial model generation process can be highly interactive snd 
complex. It ia still poorly understood. 

Essentially, the scientist must construct or piece together a conjectured 
picture of a hidden structure or process which explains why the phenomenon 
occurred. Peirce (1958) and Hanson (1958) used the term abduction (or 
retroduction) to describe the process of formulating a hypothesis which, if it 
were true, would account for the phenomenon in question. The hypothesis can 
be a guess as long as it accounts for (predicts after the fact) the 
observations collected so far. Empirical law hypotheses which consist only of 
a recognized regularity or repeated pattern in the variables, such as thoss 
discussed by Langley (1979), might b« formed via a more data-driven inductive 
process. This ia possible on those occasions when one has the prior advantagt 
of possessing the right variables, or components of compound variablss, to 
look for. But the explanatory model hypotheses being considered hers would bt 
formed by a leua data-driven abduct iv« process, possibly for just a singls 
instance of the phenomenon. Such a process might •plagerize" the knowledgs 
structure from an analogous case in memory to form the starting point or core 
of a new model. Or it might integrate several related model elenentu— 
constructing a new model by combining several existing knowledge structures 
previously known to the subject. 
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Hypothesis tvaluation can take place in two major ways. Eiopirical 
testing can add support to or disconfim a hypothesis. Rational evaluation 
can also support or disconfirm a hypothesis, depending, for example, on 
whether it is found to be consistent or inconsistent with other established 
theories. Evaluation processts cannot provide full confirmation, but can lead 
a scientist to have incrtased or reduced confidence in a theory. Once 
genaratad, a hypothesis undargoas repeated cycles of rational and empirical 
testing, and modifications as needed. A linitation of the diagram that is not 
intended to be part of the model is the order in which rational and empirical 
•valuation occur; tasts can occur in different orders on different cycles. 

The endless loops in Figure 4 indicate that ideally, theories in science 
are always open to new criticisms. However, as Xuhn (1962) points out, 
scientists will sometimes ignore or discount some criticisms in order to 
.protect a favored theory. In practice, research groups may adopt a "protected 
core* of theories which they take as givens (Lakatos, 1978). 

A missing element in the figure is the influence of the subject's prior 
theoretical framework. It is difficult to depict, since it could affect so 
many of the processes shown. Since the scientist operates from a background 
of broader theoretical assumptions, these may have an early influence on the 
model elements and analogies which come to mind, end even (according to Hanson 
and Kuhn), on vhat is observed.^ 

Suinmary 

In summary, little empirical work has been done on the question of 
hypothesis formation processes in science, but philosophers have proposed 
several possibilities, including guessing, abduction, induction, and creative 
leaps. In addition, Campbell and others have introduced the interesting 
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distinction between empirical law hypotheses that are summaries of perceived 
patterns in observations, and explanatory model hypotheses that introduce 
visualizable models at a theoretical level and that often contain currently 
unobservable entities. They suggest that analogies may be an important aeans 
of constructing the latter type of hypothesis. A possible synthesis of these 
ideas was proposed in Figure 4. It allova for the possibility that the 
hypothetico-deductive method, induction, abduction, analogy, rational 
evaluation, and hypothesis modification may all play important roles at 
different times in scientific thought. 

The idea that analogies can be involved in hypothesis formation is often 
used to support a Eurekaist view of scientific discovery. If analogy 
generation is a fast, creative process, and if it is important in hypothesis 
formation, then it is a promising candidate for a cognitive process underlying 
insight or Eureka events. This issue will be examined closely in the section 
following the next one. 



EVIDENCE FROM THINKING ALOUD PROTOCOLS W MODEL CONSTRUCTION CYCLES USING 

ANALOGIES 

Recently, cognitive psychology has begun to study complex human cognition 
through the use of protocol analysis. This section uses this method to 
examine the process of hypothesis generation in thinking-aloud protocols. / 
Several examples of spontaneous analogies will be examined, as well as a 
breakthrough episode which appears to be an example of insight behaVior.^ 
Instead of working backwards from historical records and outcomes, a more 
direct analysis of the processes operating in the thinking scientist will 
attempted here. 

21 
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The great difficulty of course, is to have a video camera trained on the 
scientiat at one of the rare moraents when he or she fozmulates a hypothesis. 
One way to overcome this difficulty is to pose conceptually challengJ'.g , but 
not ovarvhtlroing problems to the subject which allow for the formulation of 
hypotheaea and explanations. The data discussed here were taken frore 
interviewa in which advanced doctoral candidates or professors in technical 
fielda were askad to think aloud as they solved such problema. Although the 
problems do not concern iaauea on the frontier of acience, in many casea they 
ask subjects to give a acientific explanation of a pheno jnon with which they 
ara unfamilisr (i.a., a problem on the frontier of their own peraonal 
knowledge ). Thus, it ia plauaible that the thought proceasea analyzed will 
share some characteristics with hypothesis formstion snd model construction 
processes used on the frontiers of science. 

Use of Analogiea an d Models in Expert Problem Solutions 

In this section evidence will be preaented indicating that analogiea csn 
be Involved in s significsnt w.y in genersting the solution to s scientific 
problem, snd more epecificslly thst they csn sometimes lesd to s new model of 
the problem eituation. 



( Figure 5 about here ) 



Vheel problem. I will firat present a very brief description of e 
solution to the "Wheel Problem- illuetrsted in Figure 5. It poses s question 
about Whether one can exert a more effective uphill force parallel to the 
slo£e at the top of a wheel or at -he level of the axle (as in pushing on the 
wheel of e covered wagon, for example). Subject S2 compared the wheel to the 
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analogous esse of pushing on s hesvy lever hinged to the hill (Figure 6b). He 
ressoned thst pushing at the point higher up on the lever would require leee 
force. He then made an inference by analogy that the vheel wouid be eaaler to 
push at the top (the correct answer). Here the lever ia used aa a modal in 
some aense for the wheel. 



( Figure 6 ebout here ) 



Use of the terms 'snalogy' snd 'model* . This initlsl example motlvetee 
the following waya of using the terms snalogy and model. I will refer to the 
occurrence of a spontsneous snslogy when the subject eponteneouely ehifte hil 
sttention to e different situstion (celled the analogoua ceae) that he 
believes msy hsve relevsnt structure 1 similsrities to the originel tsrget 
esse. When this ie true, the eubject'a cognitive etructuree repreeenting tho 
targe'., end the enelogoue caae will have et leeat one etructural reletlonehip 
in common. In whet followe I will refer to the lever eituetion ee the 
analogoua case end to the structural alollarity relatlonahip between the lever 
and the wheel ee the analogy relation . 

Some analofiee ara uaed ceeuelly for *decoretive* purpoeee only. By • 
contraat, the following definition of e ecientlflc model aa a predictive 
analogy la intended to identify enalogiee thet ere uaed for eerloue ecientlflc 
purpoeee. Here, in the broed senee of the term, e scientific 'model' will 
refer to e cognitive atructure, where the aubject balievee that the SMdel 
situstion is snslogous to the terget eituetion snd bollevee thet one may be 
able to use the model to predict or account for observatione made In the 
target. 
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One way i^i which modela are diatinguished theoretically fron rote facts 
or procedurea is by virtue of having a richer set of relational 
interconnections within their structure as opposed to being a collection of 
independent facta. A model H gives the scientist a way of thinking about a 
tarte. situation T that can predict how T behavea under certain conditions 
(whather this happana befora or after tha behavior is observed is not 
inportant for the definition). Tha lever analogy for the wheel ia a 
acitntific nodal in this «enae. Veil developed and aucceasful acientific 
models are valued for being precise » unambiguous» general » and predictive. In 
addition* acientista often prefer nodela which are visual izable , causal, 
sinple, and which contain familiar entities. (In a later section the narrower 
category of an explanatory model will be defined aa one that posits a material 
similarity where elements of H are aaauned to actually be hidden or non- 
obvious elements Jn T.) 

Improvint the model for the wheel . The subject waa confident that it 
would be eaaiaat to move tha heavy laver in Figure 6b by pushing at point X, 
but ha waa not ao confident that it waa a good model for the wheel; he 
criticized the model by queationing whether there waa a valid analogy 
relationship between it and tha caaa of tha wheel. Can one really view tha 
wheal aa a laver, given that the "fulcrum* at the bottom of the wheel ia 
alwaya moving and never fixed? A aecond improved analogue model described by 
this aubject waa the apoked wheel without a rim ahown in Figure 6C. The 
spokea allow one to viaw the wheel aa a collection of many levera, thereby 
reducing any vorriaa about the moving fulcrum. Thia ia a uaeful model of the 
wheal for many purpoaea, including the pr^aent problem. 

In aummary, after criticizing the "lever** model, the subject was able to 
produce a second, mora elaborate analogous case which provided an improved 
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model. Thia providea an initial example of a hypotheaia gen ration, 
evaluation, and modification proceas lesding to the formation and inprovanaiit 
of a mental model via an analogy. 

Creative aspect of analogies . Aa mtntioued above, an analogy it a 
related case that the aubject baliavaa ia atructurally aimilar to an original 
caae. However, the caaa alao muat differ in a aignificant way fron tha 
original problem to ba counted ee an analogy. By thia I mean that oat or mof 
faeturee commonly aaeuroed to ha fixed in tha original problem art diffarant in 
the related case. In order to generate an anelogy like the lever analogy, tbt 
aubject muat breek away from tha original problem context. Thia "breaking tte 
aet" of the originel problem appeere to be one of tha mein raeeone that 
generating en analogy ie coneiderad a creative act and ie moat likely one 
reason that model conetructicn via anniogiee ie not the moet conmon method for 
solving problems . 



( Figure 7 ebout here ) 



Spring problem. A eacond example concarna the "Spring Problam" ahovn in 
Figure 7. Thet the wide epring will etratch farther seeae to corraepond to 
moet people 'e initial intuition about thie problem. However, carafullx 
anewering the question sbout whjr the wide epring etretchee mora (end 
explaining exactly where the reetoring force of the epring comsa fron) ia a 
much more difficult taak. Beceuee it aake 'why', thie ie largely an 
explenetion question rather than a queetion with e eingle, well-defined 
answer. Thua , it ia Uae lik< an everydey "puzzle" problem end moro like a 
theoretical "why" queetion in ecience where the enuwer ie en explenetion. 




21 



In a study of axpert qualitativa reasoning, I racorded ten professors 
and advanced cr'dusta students in technical fields while solving the spring 
problem out loud (Cleaent, 1988). They were told thet the purpose of the 
interview wes to study problem solving methods end were given instructions to 
solve the problem "in eny wey you cen.** After they reeched en enswer, 
subjects were esked to give en estimate of their confidence in their answer. 
They were then asked if there wes eny wey they could increese their 
confideoce, end thie often led to further work on the problem. Probing by the 
interviewer wes kept to e minimum, usually consisting of a reminder to keep 
telking. Occesionslly the interviewer would ssk for clsrif icetion of en 
embiguous ststemeot. 

Some of the solutions were quite complex end took up to SO minutes to 
complete. All subjects fsvored the (correct) enswer thet the wide spring 
would etretch ferther» but the suojects varied considerably in the types of 
explenetions they geve for their prediction. A number of subjects considered 
the enelogox. 48e of e horizontel bending rod (shown in Figure 8) or 
varietione thereof. Moat aubjects had a strong intuition thet e longer rod 
would bend mo-e then e ahorter rod under the same weight, end this suggested 
to them thet the wider spring would stretch more. A number of other snelogies 
attempted in thia problem ere discussed in Clement (in press-b) including; 
two foam rubber blocke, one with lerge end one with smell air holes in the 
foam, apringa in series, springs in parallel, series circuits, psrallel 
circuits, ynd molecules in different cr^^'els. Altogether, 31 significsnt 
snslogier were observed. They were genereted by eeven of the ten subjects. 
Thus, e lerge number cf spontaneoua analogies were genereted for this problem. 
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( Figure 8 about here ) 



A Cese Study of Hypothesis Generetion 

In the remeinder of this eection, I will focue on the cese etudy of 
subject S2, who •^peers to develop, criticise, end modify enelogPus ceeee for 
the spring problem urVil he producee a new hypotheeis in the form of en 
explenetory model for how springs work. 

Purpose of cese study. One of the meln reesons for doing en iu'^depth 
case study is to develop end refine a baelc vocabulary of concepta for 
deecribing psychological observations end theories. The initiel chellenge of 
such a etudy is to develop and describe the "units" of behevior to be ueed In 
observetion and to propoae en initiel cognitive model in the form of e eet of 
cognitive structures and processes that can account for the behevior ^nd thet 
is both plausible end consistent. For eiapler types of behevior, such 
modeling can be fairly detailed, end in eome c •e cen be expreeeed ee « 
computer gimuletion. For more complex or poorly underetood phenonene, en 
initiel etep .n modeling can be achieved by formuleting e gcnerel deecrlptioB 
of structure am! process features— the besic unite or cognitive objecte to b« 
ueed in the model, the outline of « model, end a eet of "deeign criterle* that 
a more detailed model would need to fulfill. The enelyeia of the ceee mVi^y 
discuBsed in the remeinder of thie peper will be eimed et the letter level. 

S2's protocol. In the epring problem eubject S2 f iret genereted tho 
model of comparing a long horizontel bending rod with e short One <e voight it 
etteched to the end of eech rod) inferring thet segmente of the wider spring 
would bend more and therefore etretch more. However, he wee concerned ebout 
the appropriateness of thie model beceuee of the epparent leek of e Batch 
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between seeing bending in the rod and not seeing bending In the wire Ir. a 
stretched spring. One can visualize this discrepancy here by thinking of the 
incraasing slope a bug would experience walking down a bending rod and the 
constant slope the bug would experience walking down the helix of a stretched 
spring. This discrepancy led him to question whether the bending rod vas an 
appropriate model for the spring. He then conftructed the analogous case of 
the -xig-xag spring^ shown in Figure 9. apparently in order to attempt to 
svaluate the analogy relation between the spring .„d the bending rod and to 
attempt to construct an improved modsl. The full transcript is quite long; 
therefore verbatim excerpts ere presented h*re. (Breckets in trenscript 
indicete my comments.) 



( Figures 9 end 10 ebout here ) 



il l '° ^° thet e spring 

is nothing but e rod wound up uh, end therefore meybe I could 
enswer the question for e rod. But then it occurs to me thet 
there s somsthing cleerly wrong with thet metephor beceuse if I 
actually took spring wire end ft wee streight insteed, it 
cert.inly wouldn't heng down like e spring does. ..It would droop 
.end its slope would eteedily increese e. yon., vent ewey from 
the point of ettechment. vherees in e spring, the slope of the 
spirel is constent. 

7 S2: Why does . spring stretch? .. I 'm still led beck to this notion... of 
III JP"-^^"* out [e bending rod].. .(e) I»m bothered by 

the feet thet the slope doesn't remein constent you fo elonR 
it. It seems es though it ought to be e good enelogy, but 
somehow, somehow it doesn•^ seem to hold up... 

23 S2: I feel I vent to reject the streightened spring model- „ e bed 

nIt!ie°o/i*' '/^'i"* ^' ^ ^"^ ^ ""^ understend the 

neture of e spring in order to en.wer the question. Here^s e good 
idee. It occurs to me thet e oingle coil of e spring wrepped once 
nnd V iJ': " • «Pring...In the one-coU cese. I 

loder:;:;;.':'"^ .-eighte^ed spring (rod] 
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I still don't see why coiling the spring should neke eny 
difference... Surely you could coil e spring in squerssi Ist'e 
sey, end it... vould still beheve nore or less the sane. Ahl 
from squeres» visuelly I suddenly get the idee of e zig-zag spring 
rether then s coiled spring; thet strikss me es en intereeting 
idee (drews Figurs 9... Might there be something in thet idee.. 

I see e problem with this idee. The problea. . . is thet..th« 
stretch.. hes to do with., the Joint. But the springinsss of 
the.. reel spring ia e distributed springinsssi . . So... I vonder if i 
I cen neke the [zig-zeg] spring. .vhers the ection.. ien't at the I 
engirt.. it's distributed elong the length... And l*m going to do 
thet; I-I heve e visuelizetion. . . Here's e stretchebls bsr; 
(drews modified zig-zeg spring in Figurs 10) e bendebls bsrt and 
then we heve e rigid connector... And when ve do thie what 
bende...i« the bendebls bers...end thet vould bshevs like a 
spring. I cen imegine thet it vould. 

Here there is evidence thet the eubject is genereting e aeries of 

enelogue models for the spring — from the rod to the enguler zig-zeg spring to 

the rectenguler zig-zag spring vith stiff Joints. The zig-zag spring is 

eventually dropped, presumebly beceuse he ve» still criticel of this modsl end 

could not reconcile the bending going on in sections of the zig-zeg spring 

vith the leek of chenge in slope in the originel helicel spring. However, 

these ettempts do provids evidence for enother thought pettern in the form of 

e repeeted dielectJc process of model construction, criticism, end 

modif icetion. 

Next, he considers the enelogy of « double-length epring insteed of the 
double-vidth spring eppeering in the originel problem. 



This rod here: es the veight moves elong, it bends more end acre 
the further out the veight i3...Hramm, whet if I Imeginsd moving 
the veight elong the spring. . .would thet tell me enything? Vould 
thet? I don»t know. I don't see why it should. Vhet if the 
spring vere tvice es long ... insteed of twice es vide?... It seems 
to me pretty deer thet the spring thet's twice ee long is goin^ 
to stretch mors... Now if this is the sane es e spring thst'ti 
twice es vide, then thet should strstch more...Uhh, but ie it the 
seme es e epring *-het*s twice es vide? Agein, I juet don't ese 
vhy...the coiling should meke eny difference. It Just ssems 
geometricelly irrelevent to me somehov. . . But L.cen't— I heve 
trouble. .. bring thet into consonence vith the behevior of en 
ectuelly stretched out spring... the slope problem enomely 

23 



25 



(incrtasing slopt in th« rod. but not in the spring]-- If I could 
resolve that snonaly... then I would feel confident of my 
answer. ..but this snonaly bothers rae s lot. 

Again, he seems critical of the appropriateness of the double-length spring 

analogy. 

57 S2i I feel ss though I'm reasoning in circles. I think 1*11 make a 

deliberate effort to break out of the circle somehow. What else 
could I use thst stretches. .. like rubber bands... what else 
stretches. . .molecules, polyesters, csr springs (leaf 
springs ].. .what about a. . .tvo-dimensional spiral spring? Thst 
doesn't seem to help. 

At this point, the bending rod, double-length spring, and zig-zag spring 
analogies have each pointed S2 to the correct swer to the problem, yet he 
remains unsatisfied with his understanding, ^.i line 57, he continues tc 
search unsuccessfully for a more satisfactory analogous case. 

Insight section. Subsequently, this subject produces sn extremely 
productive analogy when he generates the idea of the hexagonally shaped coil 
in Figure 11 snd moves from there to the idea of the square shaped coil in 
Figure 12. Imagining the stretching of these polygonal coils apparently 
allowed him to recognize that some of the restoring forces in the sprint come 
from twisting in the wire instead of bending— s major breakthiough in the 
solution which corresponds to the wsy in which engiraering specialists view 
springs. Much of the remsinder of this chapter will focus on this insight. 



( figures 11 snd 12 about re ) 



The impressiveness of the reasoning displayed by different subjects in 
solving the spring problem depends on the depth of understanding sought by the 
subject and on the subject's prior knowledge. The first level of depth in 
understanding is simply to state an intuition that the wide spring Vill 
stretch more; a second level is to give some plausible justification for this. 
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For subjects who hsve previously learned thst there is twisting in the spring 
wire during stretching, they can, with some effort, schieve s third 
quantitative level in identifying three csussl, linesr factors lesding to the 
result that the stretch is proportional to the cube of the coil diameter. 
Probably the roost difficult achievement occurs when the subject does not know 
about the invisible twisting in the wire, but is somehow able to construct 
that hypothesis. S2 achieves this in the next section of the protocol to bf 
discussed . 

To see why his square spring model is helpful, note that it can in turn 
be understood in terns of two simpler esses, the twisting rod and the bending 
rod, as shown in Figure 12. That is, pulling the enu of the lever "1" down 
not only bends rod 1, but it also tvi&ts rod 2. (One way to comprehend this 
iaea is to view rod 1 «s a wrench thst is twisting rod 4.) The same is true 
for all other adjacent rod pairs. Thui, twisting is sn important type of 
deformation in the spring wire iu this model. 

This part of the protocol ia reported in sections as foliowst 

1) Subject is still in conflict sbout whether spring wire is bending 

2) Generatea a series polygonal coil analogies 

3) Torsion discovery 

A) Evaluates and adapts squsre coil as s preferred model of the spring 
5) Comments on his increased understanding 



( Figure 13 sbout here ) 



Section 1; Subject is Still in Conflict sbout Whether Spring Wire i« Bendini 

57 S: I just. ..have the intuition thst s ...strsight rod ought to in some 

sense be a good model for a apring. But there are thc:je snomsliefl 
thst won't go away. And jet I can't 8ee...s better model. 

79 S: ...I*m just trying to imagine the coil . . . (tracea circle about 7 inches 
in diameter in air in front of aelf) a circle with a bresk in 
it. .. 
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8i S: (haa just drawn Figure i3)...you could Just hold it there... and apply 
a force there, and the apring stretches... I'll be damned if I 
ate why it (the coil] should be any different from that case [the 
rod)... 

e? S: ...if you start with a helix and unwind it. ..you should get a bow 

(bend), but you don't. I mean visually imagining it, you don't. 
I don't see how you could luake the bow go away- just to wind it 
up- Damn it I 

ill S: Darn it. darn it, darn it... why should that (the difference between a 
rod and a coil] matter?... I'm visuslizing whst will happen when 
you just take thia aingle coil and pull down on it and it 
stretches; and it stretches... 

(The subject apends a conaiderable amount of time trying to resolve this issue 
without making progress.) 

Section 2; Generates a Seriea of Polygonal Coil Analogies 

117 S: (40 minutes into th« protocol) I keep circling back to these same 

issues without getting snywhera with them I need to. .think 

about it in aome radically different way, aomehow. Let me Just 
generate ideas about circularity. What could the circularity (in 
contrast to the rod] do? Why should it matter? H-rf would it 
change the way the force ia transmitted from increment to 
iacrement of the spring? Ahal Now let me think about; Aha! Now 
thia ia intereating. I imcgined; I recalled my idea of the 
aquar. apring and the aquare is aort of like a circle snd I 
wonder.... what if I .tart with a rod and bend it once (pl.ces 
handa at each end of rod in Figure 8 and motiona a« if bending a 
wire) and then I bend it again. 

n9 S: What if I produce a aeriea of aucceasive approximations to... he 
circle by producing a aeriea of polygonal Maybe th«t .'ould 
clarify becauae maybe that, that 'a conatructing a continuous 
bridge, or aort of a continuoua bridge, between the two cases (the 
rod and the coil J. Clearly there can't be a hell of e 1 .t of 
difference between the circle and aay, a hexagon... 

121 S: ...or even a tri angle ... aquare .. (drawa hexagon in Figure 11).. .Now 
that a (hexagon] ia easentially a circle. I mean, aureiy 
apringwiae that (hexagon] would behave pretty much like a circle 



Section 3: Toreion Diacovery 

121 S: Now that', intereating. Juat looking at thia it occurs to me that 
wnen force i. .ppiied here, you not only get . bend on this 
•egment, but because there 'a a pivot here (points to x in Figure 
11), you get a torsion effect... 
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122 S: Ahat Maybe the behavior of the apring haa something to do with 

twist (moves hands aa if twiating an object) forcta aa veil aa 
bend forcea (moves hands aa If bending tn object). Thafa a real 

fK'%'!''^"M^*;rw * ^•^r difference batveen thi. 

Ibending rod] which involvea no toraion forcea, and thia 
(hexagon] . Let me accentuate the toraion force by making a aquart 
where there'a a right tngle. (Draws a Figure 12). I like thet 
A right angle... that unmixes the bend from the toraion. 

123 S: Now... I have two forcea introducing • atretch. I have the force that 

bends this...aegment (l] .nd in addition I h.ve . tor.ion force 
which twist, (.egment 2] .t vertex, urn. X...(in Figure 121 (sukea 
motion like turning . door knob with one h.nd) x«hi*»» 

Section A; Evaluates and Adopts Squ are Coil aa a Preferred Model of th> S^ n^ 

129 S: (b)...Doe8 thia (pointa to aquare-shaped coil) gain in alope-toward 

the bottom?... ^ ^-ow.ra 



130 S: (c).. indeed we have a structure here which doea not have thia 

increaaing alope aa you get to the bottom. ..(«)... it 'a onU If om 
looks at the fine atructure; the red between the T and the X thrt 
one aeea the flop effect (downward curvature] * 

132 S: (b)..Now I feel I have a good model of ap- of a apring... Now I realix. 
the reiison the apring doean't flop ia becauae a lot of the 
springineaa of the apring c3mea from toraion effecta rather than 
from bendy effecta... 



133 S: And now I think I can anaver the atretch queation firmly by uaine 

thia... aquare model of the apring. What doea it -an, In t.nu •£ 
the aquare model to increaae the diameter of the apring? Uoi 
making the aides longer certainly would make the (aquare 1 'aprlna 
atretch more. ^ * 



135 I: How can you tell? 



136 S: a) Phyaical intuition. . .and alao racollect ion . . the longer the 

.egment (move. h.nd. .p.rt) the more the bendabllity (iK^ve. handa 
aa i bending . rod)... b) Now the .ame thing would heppen to th. 
tor.ion I think, becau.e if I h.ve . longer. rod («,vea hand, 
apart), and I put a twiat on it (movea handa aa if twiatini a 
rod), it aeema to me--again physical intuition—that it will twl^t 
more . . . vw*.*. 



U3 S: ...So. ..doubling the length of the aidea.. it will clearly atr.trh 

rbe^dinjr' °' «aaon:':f";j;/;:;:^^. 



Section 5; Comments on His Increaaed Underatandin f^ 

U4 S: And my confidence ia now 99%. ..I now feel pretty good .bout my 

underst.niiing .bout the w.y . .pring work. .Ithough I realize .t 
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the sane tine I could be quite wrong. Still » there seens to be 
so«Mthing to this torsion business; I xtel a lot better about it. 

S: Before this torsion insight, ny confidence in the answer was 95X but 
ny confidence in ny understanding of the situstion was way way 
dowA, zero. I felt that I did not really understand what was 
happening; now ny confidence in the answer is near lOOZ and my 
confidence in ny understanding is like 80Z. 

< Figure 14 about here ) 



Analyaia of Trsnacrlpt 

Models used by S2 . A hypothesized outline of the cognitive •vents 
producing S2'a new understanding in this Isst section is shown in Figure 14. 
The figure shova hypothesized "snapshots" of a series of S2*s final models as 
they develop over tine, with solid lines showing confirned analogy relations, 
and dotted lines showing tentative analogy relations. Poorly understood 
situations ar« sho%ni in dotted boxes with well-undrrstood situations shown in 
solid boxes. 

Figure 14a (Line 81): S2 has already reduced the spring s^tuttion to the 
equivalent singla circular coil situation sa ahovn by the solid Une labeled 
(:) in the diagran. Also there is a tentative analogy relation shown as a 
dotted line labeled (2;, fron the single coil to the well understood bending 
rod nodel. 

Figure 14b (Line 117): S2 then recalls his idea of a square spring and 
generates the nodel of a hexagonal coil. In his words, this is "constructing 
a continuous bridge or sort of a continuoiiS bridge, between the two cases [of 
the circular loop and bending rod]. "4 
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Figure 14c (Line 121) While analyzing the hexagon in t*ms of bending 
effects, it occurs to hin ("Aha!") that there wiH also be twisting effects. 
At this point he shifts to the sinpler square nodel. 

Figure 14d (Line 123) By the final stage. S2's understanding of the 
underlying structure which nakea a spring work has changed significantly. H« 
now appears to have a nental nodel of the spring aa working like a squara coil 
which ci.. tains elenents that bend and twiat. His physical intuitiona about 
the difficulty of (1) bending, and (2^ twiating a long va ahort rod aaaa to 
play a role ainilar to axions; they are baaic aaaumptions on which tha raat of 
hia concluaiona are founded. 
^ In what followa I will refer to the aquart, hexagonal, and nany-aidad 

coil nodela collectively as polygonal coil nodela. To anticipate. «om of th% 
concluaions I wish to draw fron thia exanple in the renaindar of thia chaptar 
are that: 

(1) The recognition of toraion in the polygonal coil ia a aignificint 

acientific inaight in hia attenpt to undaratand tha apring} 

(2) S2 uaea analogiea to invant a nodel for hov tha apring works in tha 

form of thfe polygonal coil; 

(3) Thia nodel can ba claaaified aa an explanatory nodal aa oppoaad to 

an axpedient model bacauaa it propoaea toraion aa a cauaal factor 
actually operating in tha apring. 

(4) The aubject producea modela and inaighta via a auccaaaive raf inamant 

procaaa of hypothaaia genaration, avaluation, and modification or 
rajection. Hia proceaa ia non-inductiva. 

(5) The nodel generation proceaa here ia neither a pura Euraka 

phenonenon nor a ainple, amooth, methodical buildup of 
information . 

(6) Several divergent procaaaea ara uaad in generating hypothaaaa. 

(7) The recognition of an anomaly aeta up a tenalon condition which 

"drivea" the dialectic proceaa, and which ia partially analogoua 
to the tenaion between an exiating psradign in tha face of 
anonaliea in acience. 
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Insight behtvlor . The short transcript excerpts displayed here do not 
convey the fsct thst th« subject spent a considerable period of tine (over 25 
minutes) alternately questioning snd trying to Justify the initial bending rod 
model of the spring. After this Ttustrating struggle, the invention of the 
polygonal coll with the subsaquent torsion discovery is a candidate for being 
terroed a significant scientific insight for several reasons.^ First, the idea 
is productive in the sense that it le*ds immediately to a considerable amount 
of cognitive activity. In fact one is given the impression of a "food" of 
ideas occuring immediately aftervard. Progress is made rapidly » as if the 
polygonal coil idea were a "trigger* that stimulates a series of further 
ideas. Second, the torsion idea appears fairly quickly, with little warning. 
Third, the subjtct changes his hypothesized model of stretching — by 
considering torsion tha subject introduces a new causal factor into the 
system. Torsion constitutes a very different mechanism from bfnding for 
explaining how the spring resists stretching. (S2 is the only subject out of 
10 studied who clesrly progressed from no awareness of torsion in the spring 
to an understanding of it as a factor.) Fourth, the subject says that he is 
now abls to resolvs the paradox of the apparent leek of bending in a helical 
spring and states that he feels he has achieved an increase in his 
understanding of the system. Of course, his "theory of springs" could be 
developed further beyond the polygonal coil idea, but the fact remains that 
this model is a significant advance over the single bending rod models.^ 
Fifth, the subject reacts emotionslly to his ideas, calling them " inttrest ing" 
and exposing a "key difference," as well as producing some emphatic "aha" 
expressions with a raised tone of voice. Later in this chapter, I will 
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attempt to f'»nnulate a more careful definition for the term "insight" that Is 
motivated by these factors. 

The For mation of an Explanatory Model vis AnaloRies 

Explenst ory vs. non-explsnstory models . As discussed earlier* 
philosophers of science hsve developed an important distinction betvetn 
explsnstory models and either empirical law hypotheses or formsl qusntitatlvs 
principles, ss shown in Figure 3. It will now be useful to specify a Mora 
precise definition for the term explsnstory model in order to ssy vhsthtr S2 
has developed one. Recsll the propossl to use the term, modal to refar to a 
cognitive structure M, where the subject believes there is s predictiva 
snslogv between some importsnt relet ional aspects of the modal M snd sons 
sspects of the trrget situstion T. One kind of model then is neraly an 
expedient «nd often temporary analogy which predicts some sspects of tha 
tsrget's behsvior. M msy hsppen to bshsva like T, and therefore provide a way 
of predicting what T will do. Such an expedient model may not provide a 
satisfying explsnstion for why T behsves ss it does. I >sy ssy nothing about 
the underlying process which explains T's behsvior. An explsnstory SKKlel* on 
the other hsnd, should explsin how T works, lesding to s feeling of 
"understsnding" T. 

S2 makes s clesr distinction between confidence in his answer to the 
problem and confidence i n his understsndint of the spring: 

HA S: ...There seems to be something to this torsion businsss; I feel a lot 
better about it. . . 

178 S: Before this torsion insight, my confidence in the answer wss 95X» but 
my confidence in my understsnding of the situstion wss wsy» way, 
down, zero. I felt that I did not really understand what was 
happening; now my confidence in the answer is nesr 100X» snd my 
confidence in my understanding is like 602. 

r- ^ 
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Ths perceived Increase in under.t.ndlng 1, one Indlcitlon thit the polygonil 
coll hat becone an explanatory model for the .ubject, not Just an expedient 
analogy for genaratlng the an.wer to the problam. (Kamllof f-Smith and 
Inhelder (1975) have documented a related dl.tlnctlon In children', thinking.) 

He.ae (1967) and Harre (1972) Identify two types of scientific analogue 
«»del, (1) a Mdel which shares only its abstract fon. with the target (Hess, 
cites hydraulic models of economic syitems as one example); I call this an 
•expedient model', and (2) a model that ha. become in Harre'. terms a 
•candidate for reality,, where a .et of material feature., m.tead of only the 
abstract lorm, is also hypothesised to be the ,ame In the model and the target 
situations. I will refer to the latter type of model M as an explanatory 
Ecili (or structural hypothesl.), M^, if .ome of the ba.lc object., 
attributes, and concrete relations in M are hypothesised by the .ubject to be 
part of T and to underlie the behavior of interest in I. 

This ordinarily means that the subject can attain some degree of 
ontologlcal co^itment to (belief in the reality of) If empirical and 
rational support are obtained for it. 1. thought of a. a hidden structure 

Within T Which provides an explanation for T's behavior. Usually contains 
some entitles that ara Initially not directly observable or obvlous^ln T at 
that point :in time. 

This concept helps to account for the remarkable ability of scientists to 

formulate and propose hidden structure and proc in nature before they are 

observed more directly, .uch a. atom., black hole., and the -bending, of light 
ray.. An explanatory model can allow the .clentl.t to see a phenomenon in a 
new way via an analogy to a hypothesised visuallzable structure that 1. 
considered to be hidden in the target situation to be explained. This 1. 
something that empirical law hypotheses cannot do. 
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In the case of the present protocol the polygonal coil qualiflAS as 
explanatory, since the subject believes that twisting and banding effects My 
actually be operating in the spring wira to produce its behavior. Tvisting 
and bending are features that ara not ordinarily obserrad in springe. In thit 
sense, the model expresses for the aubjact a hypothesis concar&ing the hidden 
structure underlying the way stretching produces deforaation and reatoring 
forces in the spring wire. Furtharmore, the square coil nodal raoMvee the 
anomaly of a potentially critical dissimilarity in the original bending rod 
nodel--that of the lack of cumulative bending in the epring. All of theae 
factors presumably increase S2*s feeling of understanding and of having a 
satisfying explanation for the behavior of a spring, as expressed in lines 144 
and 178 quoted above. 

For the above reasons, the polygonal coil with torsion model qualifies gg 
an explanatory model which providaa a hypothesis ebout the nature of springs. 
His statements lead one to believe it has become a piefarred model of the 
spring that he will retain in Zue^ory. In this sense S2*a protocol is an 
example of learning via the construction of an explanatory modal. ^ 

An explanatory model can develop from an initial non-expl anatory 
analogy . A further hypothesis ia suggaatad by S2*s problam solutions en 
expert can develop an explanatory model via the modification and refinement Of 
an initial model that ia merely axpedlent or has low explanatory stetus. In 
this view, whether a model is explanatory Is a matter of degree. The 
explanatory status of a model dependa on the degree to which one bellevee that 
the model containa elements that ara like elementa hidden in the target to b% 
explained . 

It is reasonable that when an analogous case i3 firet proposed, it vlll 
often be unclear whether it has potential as an exploratory R)odel*-vhether Ite 
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elaiB«nta could bt aonathing lil^s the hidden alementa in the target or not. 
Ita explanatory statua may grow gradually rather than in one decisive jump. 
I'VToveaenta in the model may also raiae its explanatory status. Indeed, this 
seems to ba what occurred in S2's caae. He uaeci the bending rod early on as a 
model, which gava him a prediction in which ha vaa highly onfident . 
Howevar, ha aaid his resulting understsnding wss very 1 >v. The recognition of 
the bending anomaly appeared to prevent him from accepting it as an 
explanatory model. Cumulativa bending is an important material property which 
is prarent ir. the roodtl, Nut not in the target. A auccessive refinement 
process than lad to a number of alternative models, culninsting with the 
polygonal coil mode]. The Identification of torsion in the polygonsi coll 
isised his feeling of understanding Ignif icsntly . Thic is consistent with 
the interpretation that S2 had then acquired aome confidence that torsion is a 
real, but hidda«> meuhnnism operating in the apring. Thus, S2 sppears to take 
an initial, non-axplanatory analogy (the bending rod model) and develop it, 
via criticisms and modifications, into a modal that in fact does have 
explanatory atatus for him. 



( Figure IS about here ) 



SiroplifyinK function of modela. Toward tha and of the protocol S2 
considers a multiaided coil, but ir, ui ' i« to make further progress in his 
analysis befora quitting. Figure IS shows the aet of polygoral models 
referred to by S2 placed in oroer of increasing simplicity or analyzability 
from left to right. Nota that these riodela attain a higher degree of 
perceptual reseiAblance to tha spring Jn the opposite ''irection from right to 
left. Of the models shown, the bendin^^ and twiating rod models on the right 
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are the simplest to understsnd, but appear to be laast like tha apring coil. 
One might be tempted to call the Bultigon in (b) the only "raally" axplanatory 
model in the sense thst it is seen aa actually preaent in tha apring, vhila 
the others sre not. But even in the nultigon, thera ara matarial a 1 fant ■ 
which are not present in the apring, auch as fulcrum points and atraight lina 
segments. Appsrently aven the multigon model is not a full candidate for tha 
mechanism i'l the apring. 

Hesse (1967) and Harre (1972) daacribe aome nodala in acianca «s 
simplifying models where the scientist intentionally uaes a BO<*al with 
features that are diff'Srent from thoae in T in ordar to maka M ainpl« anough 
to analyze. 52 'a polygonal spring nodala appaar to ba aimplifying ao^als 
which are partially explanatory{ ha aaaa the apring aa probably raally 
twisting, as in the square c^ but not aa raally aquara. Tha aquara 
providea a aimplifying geometry— but S2 racognizea that ordinary apring coila 
are not square or polygonal. In aunnary, thia appeara to ba a caaa whara 
modificationa of an initial analogy with low axplanatory atatua lad to tho 
development of a model with conaidarably higher axplanatory atatua. Movovar, 
the polygonal coil model ia still a simplifying mo<2al, ainca aoma of ita 
alementa ara racognizad aa not baing praaant in tha halical apring.^ 

Two rolaa for analogy . Evan tha most auccaaaful modala can ba quaationad 
aa to their ontological atatua— vhathar thay ara "raally trua" of T. 2t is 
reaaonable to take the point of view that a modal can navar ba fully confirMd 
aa true in a univeraal aeos^ and ahould alvaya ba open to quaation. Aaothar 
way to say thia is that even in well-aatabliahad aciantific nodela, tha 
relation between the idealized modal and a real-lifa axampli) ia ona of 
analogy, or partial reaemblance, leaving open tha poaaibility that othar nora 
refined or useful alternative useful modala mar ba davalopad in tha futura. 
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This neana that analogy can play a role in the generation of new 
hypotheaes in at Icaat the following different ways: (1) an analogous case can 
serva aa a rough initial nodel of tha target aituation that is later developed 
and refinad; (2) a developed explanatory aodel, whatever its origin, should in 
tha end be linked by an analogy relation to the target aituation. 



( Figure 16 about here ) 



Suiaaary of Evidence for a Hodel Construction Cycle as a Non-inductive Source 
for Hypotn^*^; 

Tha growth in Si*a ideas appeara to have occurred via a cyclical process 
of analogy generation, criticism, and modification (or rejection), shown in 
Figure 16. Thia ia a more general reasoning pattern that can help account for 
the tranaitiona between tha atatea ahown in Figure U. Table 1 auromarizea 
evidence from the protocol that S2»a prograaa ia a result of this kind of 
cyclical procasa rather than oaing a reault of either a convergent aeriea of 
daductiona or an induction from obaarvationa. Figure 16 ia therefore a model 
of the procaaaaa producing the observed bahaviora ahown in Table 1. Here I 
aasuma that the banding rod and tig-zag spring mode la are implifying modela, 
that tha extent to which they are explanatory ia unknown to S2 at the tine he 
propoaea them, and that they are part of hie attampta to develop an 
explanatory model. 

Note that the cycle in Figure 16 corresponds to the non-empirical 
proceaaea C, D, und E in Figure 4, the model conatruction cycle discussed 
earlier. Procaaa B ia alao implicated in the rapid aearch for analogies such 
as -molaculea, polyeatere, and car [leaf] springe" in line 57 of the 
trenacript. Thua, there ia evidence in this case study which supports the 
existence of the non- empirical proceaaea propoeed in the model of hypothesis 
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development shown In Figure 4. We therefore ippeir to be In . po.ltlon .here 
reel-time protocol evidence cen be gethered to eveluete the pleuelbUlty of 
sue raode:e of ecientiflc reeeonlng. 

Non-Inductlve hVDoth..<. „ 1 will now exanlne .ore c.r.fully • 

the cl.In, thet S2'. fn.i model I. „,ith.r the r.eult of . convergent eerie, 
of deduction, nor en Induction from obeervetlone. When S2 g.ner.te. .Delotu. 
model h7poth«.e.. they eppeer not to be deduced loglc.lly froe prior 
prlnclple.--they ere ee.entl.lly r.e.oned conjecture. .. to wh.t night be a 
fruitful repre.ent.tlon for .n.lyiing how . spring coll work.. The r.e.oDing 
Involved does not c.rry the cert.Inty ...ocl.ted with deduction. 

Nor, epp.rently, .re they built up Inductively e. .b.tr.ct 
gener.lli.tlon. from observstions . S2 Is unsbls to collect new dst. during 
the Interview, end consequently his rsssoning is Indspend.nt of new emi.irlc.l 
processes. On. csn slso consider whether he might b. msklDg nsw Inductions m 
perceptusl memories of £rIor obssrvstlons. but h« doss not sppssr to rscsU 
.bssrving bsndlng. twisting, zig-isis. or squ.rss in springs, Instssd thss. 
sppesr to be newly Imsglnsd modsls. The novelty end non-obssrv.bility of th. 
polygonsl coll with torsion modsl. snd Its svolutlon from criticism. o£ th. 
e.rllsr horlzontsl rod modsl srgus thst ths hypothssis gsnsrsVlon proc.sL in 
this csss wss sn Imsglnstivs construction snd criticism procsss rsthsr th«. 
one of Induction from observstions. Quits possibly, S2 would hsv. nsd. soM 
new observstions .f springs ss wsU. hsd they been svsllsbl. (slthough it Is 
doubtful thst h. would hsve obssrvsd torsion sffscts). But ths prsssnt csss 
study St le.st demonstrstes ths possibility thst I.prsssivs progrsk.- in 
explsnstory model construction csn be m.d. vis non-lnductivs procsss... 

Of cour... It I. highly llk.ly th.t .mplrlc.l infor«.tIoa w.. involv.d 1« 
ths orlgln.l development of the prior knowledge he u.ee. In .tteopting to 



43 



39 



speak to the ratlonalltm vi. inductivism issue it is important to identify the 
tims period of focus For the purposes of this snalysis, the focus is on the 
ne^ kncwlsdje developed during the hour or so of reasoning in the interview 
rsthsr than on ths origins of the prior knowledge he uses. For example, he 
uses prior knowledge In the £orn> of the concept of twisting. Cne assumes his 
earlier learning of the concept of twiating Involved empirical experiences 
with wrenchaa, cranks, knobs, etc. His new model of the polygonsl spring with 
torsion uaaa hla old concept of twiating aa one of its elements, but the tots] 
structure of the model Is a larger new construction. The point is that the 
new knowledge developed by S2— the construction of a new explanatory model 
hypothaala for how a aprlng works — was spparently formed by processes during 
the protoccl which were non-enplrlcsl. 

I do not vlah to aay here that s. j form of suggestion from patterns 
perceived In data cannot be Involved in some types of scientific hypothesis 
formation. Rather, the caae atudy acta more like an "existence proof" In 
showing tha poaalblllty that non-inductive conatructlon processes can be very 
Important In the formation of 'nnatory model hypotheses. 

An explsnstory hypothesis } I t o sn emplilcal hypothesis . The final 
model of tha polygonal coll with tora>on ralaea S^'s confidence in the 
eir.plrlcal law hypothfals thst (other factors being equsl) wide springs will 
8«.r«tch more than n'^rrow springs. Appsrently this la a case where the 
development of s convincing explanatory model hypothesis can establish high 
confident In sn empirical law hypotheala In the absence of new empirical 
Information. Xuhn (1962) dlacuases examples of this pattern In the history of 
aclanca . 

Argument for not aeparatlng the context of discovery and the context of 
j^.stif ication . Finally, I want to conalder a potential criticism of the model 
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construction cycle shown in Figure 4. It is traditional In phlloaophy to 
separate the contexts of hypothesis formation and hypothesis testing and 
evaluation in acienc;*. If I claim to be portraying hypothaaja formation 
process in Figure A, then why does It Include hypothesis evaluat ti procasaas 
as v<^117 The snswer concerns the observstlon that loopa In tha cycle can at 
times be trsversed extremely rapidly. For example, S2*a criticism of tha 
bending rod in line 5 indicates thst ths tlms Interval between nodal 
generation and criticism csn be ss small as 1^ aeconda. In addition, his 
modification of the zlg zag aprlng m' Jel In line 23 Indlcatea that an entire 
generation, crltlclam, and modification cycle can take place within 90 
aeconds. Vhlls sn evalustlon In the form of a carefully deelgned laboratory 
experiment can take daya or ever yeara, other evaluation procaaaaa auch aa 
certain non<-emplrlcal checka 'or conalatancy can take piece much more rapidly. 
In thla sense » evaluation Is sn Inherent pert of the hypotheala formation 
pi'oraaa. Stated In traditional terme. It may often be Impoeelbla to aepar^te 
the "context of Juatlf Icatlon" from the "context of dlecovery.* History of 
science tenda to look at developments over e time ecele of years or weeks. 
From this perepectlve It may be Impossible to eeparate theee two contexts In 
the early eteger of hypothesle formetlon when the grain alze of the tine scale 
one le using la greater then frectlone of en hour. 

In addition, generative technlquee eppear to be ueed In the service of 
evaluative goala In this protocol. The Inltlel generation of the xlg-sag and 
k^uare aprlnp Ideaa, for example, eppear to be ettempte to eveluate the 
appro. <ateneee of the bending rod mode; . Subeequently theee become 
candldatei fo*- replacing the rod model. 

In suiL, the reason that avtlu.^tlon procaaaea appear In the model of 
hypothesis formation la that the/ appear to be en Inherent part of hypothaals 
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formation down to time periods of less than . single mxnute on occasion. In 
such cases, one sees a rapid, dialectic interplay between generation and 
evaluation processes. 

r*,REKA OR ACCRETION? 
aHE PRESENCE OF INSIGHT IN S2'S PROTOCOL 

I .an now move to the second issue outlined in the introduction— the pace 

of theory change. -Does S2's rsasoning contain Eureka events that involve 

sudden reorganizations, or does he make progress smoothly in an incremental 

manner?- The snswer to this question is not obvious. It seems to be possible 

to srgue in sither direction from this protocol. One can point to what appear 

to be sudden insights, but on the other hand, sections precede these ins.ghts 

in Which the subject prepares the context snd groundwork for having them. 

Sometimes his methods appear to be systematic, but at other times ideas arrive 

in a rush, as if they are outside of his control. Thus, there seem to be 

mixed signals in the protocol on this issue. 

ngfining a Pure Eureka Event 

In order to say something v,eful about the Eureka question, one needs to 
become ,oore precise about the meaning of s Eureka event. Here I will propose 
an initial definition of the extreme case of a pure Eureka event as an 
extremely .udden. reorganizing, extraordinary break away from the subject's 
previous xdeas. I use the term 'extraordinary, aere to refer to processes 
such ss unconscious or supernormal ressoning thst are different from those 
used in ordinary thinking, if the appearance of a new hypothesis constitutes 
. break in the train of thought -Mf the hypothesis comes -out of the blue- and 
appear, unconnected to the subjects' previous ideas in the pro.ocol-thi. 
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would constitute one kind of evidence for an extraordinary snd probsbly 
unconscious thought process. The accretion va. Eureka queation in extreme 
form then becomes: Is the subject's scconplishnent the result of a saooth, 
incremental, controlled, buildup froa previous ideaa? Cr is it s sujden, 
reorganizing, extraordinary break with his previous ideas? I will consider 
two sub-issues of this question expressed by the two psirs of key vords in its 
sudden reorgsnizing . and extraordinary break. In this section I would llks tO 
use the snalyaia of the protocol aa an initisl test bed for concepts developed 
to describe ths quslity snd psce of stiucturul chsnge in creative hypothesis 
generstion activities. Some of these concepts may also prove useful for 
snalyzing structural change in theoretical models in reel scientific rssssrch. 

Is There A Sudden Reorganizine Change in S2'8 Understanding? 

This subque^tion itself csn be broken d&im into two psits: Is thsrs s 
significant structural Changs? snd: Is it s sudden chsnge? For ths Isttsr 
part, a pertinent time period must be identified over which ths change tskss 
plsce. and a psrtinent concept of *rste of hypothesis formstion or 
modification" must be defined. I will concluds thst slthough ths torsion 
discovery was not s "blinding Insight *->*an instsntsnsous rsorgsnization of his 
id#*« — it certainly was an impressive and relstively sudden brsskthroufh. Ths 
problsm is to dsvelop s relatively precise IsLgusge for ssylng this. 

Is there s significsnt structursl chsnge? 0ns first nssds to ssk sbout 
the size of the change in representst ion or undsrstsnd ing producsd by ths 
torsion insight. Does it simply sdd on s snsU new fsct or is it s conplsts 
reorganization? The type of chsnge in understsnding to bs discussed hers is a 
structural chsnge (change in relational structure ss opposed to surface 
features) in a currently sssumed mentsl model. 
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It ii clear that the polygonal coll with torsion Insight does not 
constitute • reorg.nli.tlon in his understanding of any domain larger than the 
■theo.y of springs- (such „ the -theory of elastic materials-). Hov,cvsr the 
Insight does appear to add mor, than . -ir^^le fact, it appears to constitute 
the addition of a significant set of structural relations to the subject's 
hypothesized model of the spring sy«t«.. Including the new causal chain of 
•eight causing twisting and tor.ion. which in turn causes resistance to 
stx.tching; end the new global effect of finding no cumulative effect of 
bending throughout the square spring. 

Can the Insight be characterized as a reorganization of the subject's 
mental mcdelT In some senses it can. although the shift could have been 
larger. Torsion is a completely different geometric deformation than bending 
and constitutes a slgnlf IcantJ, different hypotl. sis. The case here would be 
clearer, though, if the subject had switched more completely from the view of 
spring forces comini from bending to the engineer's view that spring force, 
com. primarily from torsion. He did not go this far, instead he switched from 
using bending .lone to using bending and torsion together in his explanations. 
But he rala. the question of which of these two effects predominates. 
Although he .as unable to reach an answer to this last question in the 
interview, when asked at the end about whether the stretch could be due 
completely to torsion, he felt that it was perfectly plaurible. Given more 
time, the fuller transition might very well have taken place. Clearly the 
potential for a complete replacement of the deformation mechanism in the 
spring has been created. 

What one can say then Is that the subject achieved a majo^ breakthrough 
in adding a major chain of casual f.ctors to his model of the spring. This 
can be considered to be a reorganization in the sense that a new system of 
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relationshipt was created. Thui the structural change in this subject's nod*! 
of the ipring cppears to be of inte mediate size. The change process vas 
characterized by imaginative attempts to switch to different problea 
representations, .^aost of which failed. When s productive representation is 
found (the polygonal coil), it leads to the recognition of s system of new 
relationships involving force, torsion, snd twisting. But it is not a 
"revolutionary" change in the sense of rejecting and replacing a Isrge, 
previously assumed body of established knowledge structures. However it does 
allow us to imagine the possibility that such s rejection snd replsccsMnt 
could occur in science via a similar process. 

The pace of change in understanding . I hsve taken s high rate of chang* 
in the currently assumed model as one defining characteristic of a pure EurekAl 
event. This rate of change could be defined ss the rstio of the size of the 
change in the model's structure to the time interval over which the change 
takes place. The letter concept may not be easy to operstionalizc aa an 
observable variable, depending on the comparisons being nadc and the 
complexity of the protocol, but it should at least play a clarifying role at 
the theoretical level. 

It is a challenging task to point to a specific time interval in the 
protocol representing the "period of insight" because of the difficulty in 
defining the latter. As an upper limit, the time for the subject 'a total 
solution wss 52 minutes. Thus, it is certain that the subject changed from 
the rod model of the spring to the square coil with torsion and bending in e 
period smaller than this time. Viewed on a large time scale appropriate to 
the history of science, this would certainly be considered a tiny interval 
that indicates a relatively sudden ritructural change. 
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But much of this tine was spent testing the simpler red model and trying 
out othei anslogies, most of which were blind slleys Csn one identify a 
shorter period of insight within the protocol? The bending rod model wss 
proposed within 1 minute sfter reading the problem. Then a long period 
without lasting progress is model development of about 40 minutes ensues ss 
the rod model is questioned, the "zig-zag" models sre proposed snd rejected, 
and other snslogiss sre tried. Finally, there is s breskthrough in s four 
minute period during which the subject refers to the squsre hexagonal coils, 
makes the torsion discovery, and incorporates it into his final square coil 
model of the spring. When the subject finally ge le rates the hexagonal coil 
towsrd the end of the protocol, it tskes less than 80 seconds for him to 
recognize the torsion effect, and less than another two minutes to settle on 
the square coil as his final model of the spring. This four minute period is 
therefore s caod^^'ate for the period of insight. 

However, ths square coil idea wss first considered very brief ly--only 
about six minutes into the protocol. But it wss quickly dropped in order to 
consider the zig-zag spring. 34 minutes later, it wss tsken up again and 
leads to the torsion insight. Should this 34 minutes between the dropping and 
reemargence of an ides be counted ss part of the period of insight? I will 
assume not, since the subject wss following sepsrate ideas during this time 
which turned out to be blind slleys. If one makes this sssumption, one can 
point to this four minute segment as s relstively sudden "period of insight." 
But the difficulties involved in defining the period of insight here are 
clear. The jenefit of this sxerclse, however, is thst it forces one to 
develop ^ome useful distinctions between concepts such as structural change in 
a model, the period of insight, snd the rste of structursl change in a model. 
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On the other hand, the insight wss not instsntsDeous , snd criticism snd 
modification processes did occur during this four minute period ss shown in 
Figure 16 and Table 1. This mesns that from a microscopic perspective which 
looks at the fine grain in tht: datu, the insight sppesrs to be "unpscksble- 
into potentislly understsndsble subprocesses . This leads me to describe it ai 
"fsirly sadden," rather than ss sn extremely sudden "bolt from ths blue." 
This is the first sense in which the insight f.n, to qualify ss s "pure 
Eureka event." 

In summary, there sppesr to be periods in ths protocol where progress i« 
msde slowly or not st sU and others where progress is quite rapid. Those 
periods where little progress is mads sre frustrsting to the .ubjsct but they 
in fsct may provids necessary prepsrstion for the Ister insight, "hs pscs of 
structural chsnge is uneven rsther than consistent, snd progrsss comes 
intermittently. When it does come, it is in the font of a rslstiYely .udd.a 
brsakvhrough that involves . sipnificsnt structursl chsnge in the subjects- 
hypothesizsd model. 

Does the Sub1er:t Vnm yir traordinary R.>>«. tag Processes? 

The second .,jor subquestion to the main question of w. .er ♦ re is a 
pure Eureks event \n the protocol is whether S2 ussd sxtnorox.. . t 
processes during his breskthrough. If the processes trs found „o^ to be 
extrsordinsry, one csn slso ..k the opposite question of whether the subjscf • 
thinking is highly controlled in the .ense thst he slwsys pursues . ..ries of 
we^l defined, conscious plans end procedures. I will conclude thst the 
torsion.polygon insight was neither due to an unexplainable. extrsordinsry 
process, nor due solely to s plsnned, methodologicsl procedure. R.ther, it 
wss the result of s dislectic process of conjecture, critl .ism, snd rsjectlon 
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or modification, involving relatively uncontrolled divergent tspocitt ions tnd 
pUyful transformations on the one hsnd, «s well «s relatively controlled 
strategies for mounting attacks on the problem. But these are .11 ordinary 
reasoning processes. His atsociation and recognition processes in particular 
can be viewed aa divergent and creative, but thess processes are neither 
conscious plans nor extraordinary. 

Extr.ordln.ry thinking. By extr.ordln.ry thinking. 1 „ein the use of 
.p.cl.1 proces.e. vhlch .re outside of the set of norm.l reasoning processes 
used In everyday learning and problem Solving. From a psychological point of 
view, this means 1 cannot Imagine a plausible explanation for a particular 
thought proceas based on an ordinary sequence of Inferences, associations, 
fuesses. estl»at.. and criticisms, etc. Two ways axtraordlnary thinking could 
occur during a problem solution, then, sr.: If ths subj.ct performs some 
supernormsl feat of synthesis without preparation; or, mora generally, if 
th.r. la . braak 1. th. train of thought-a jump Into a naw train of thought 
that has no apparent connection to any previous thought. This last kind of 
•vent might b« avldanca for unconscious procasslng. 

TWO types of -breaks ." How.v.r, It la Important to distinguish between . 
break sway from the subject's currently assumed model, ,nd a break In the 
train of thought. Cl.arly, S2 "breaka away from his Initial „odel" of tha 
problem. Th. torsion Insight represent. . re.l br..k (In the .en.e of 
•bre.kthrough") with hi. prevlou. bending rod mod.l for understanding the 
problem. 

On th* other hand, S2'. work do., not cont.in .n obvious ■br..k In the 
tr.ln of thought." It do«s seem possible to construct . believ.bl. 
psychologic.l .ccount of hi. thought proc... .s . series of connected 
conscious Ide... Th. growing ..n., „.y .ctu.lly look mor. Hk. a branching 
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trse or nstvork than a single chain, and th«re may be Jumps of attention froA 
the end of one branch to the end of another, but the essentisl point is that a 
new idea doen not appear from nowhere; it is always plausibls that it was an 
outgrowth of the subject's previous conscious ideas. 

Two major parts of S2's insight in the solution are tha generation of tht 
square coil analogy and the discovery of torsion. A plausiblt explanation for 
the torsion discovery can be given as follows. As S2 was examining adjacent 
sides in the newly constructed hexagonal coil model, an existing mental scheM 
for dealing with twisting situations was activated. Such a recognition 
process is a common event in everyday problem solving and should not be 
considered extraordinary. It does happen to be a key event in the solution to 
this problee. He was not certain about this conjectured recognition et firr". 
*nd needed to examine it critically, which led him to consider e square coil 
as an easier cese. 

In the cese of the original .quere coil analogy, recell thet it wes 
generated while S2 was thinking about whether there was e difference between a 
bending roo and a single spring colli 

23 S2i "Why should the coil have anything to do with- ? it's Just so 

arbitrary. Why does it have to be e [circular coil J? Surely you 
could coil a spring in squares, lefs say, end it., would .till 
beheve more or leas the aame." 

This is e highly creative idea but not one that necesaarily involves 
extraordinary reasoning. Here the subject eppeers to be imegining ways to 
bend a piece of wire into a spring. The pleusible ordinery process is one of 
imagining e simple transformation one could perform with one's hands. 

The worth of this idea was nut recognised innediately. Only after 
thinking herd about and confirming the lack-of-banding anomaly in the .pring 
doea S2 return to the aquare coil idea in line 117 and u.e it productively. 
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Here there is branch in the train of thought, but the return to the square 
coil idea can be seen as connected to its earlier >«ppearance. 

In sone cases, the connection to a previous idea may be a weak one — a 
looue association or conjectured recognition or playful transformation rather 
than deductive inference or a precise subquestion. Associations, 
transformations and recognitions in this light arc divergent, unpi edictab*e, 
and sometimes highly creative processes, but not extraordinary o^'es in the 
sense of being unconnc. ed to the network of current repret stations. I 
consider S2*s overall achievement — the marshalling and orchestration of a 
large number of reasoning processes to produce the invention of a new 
explanatory model---to be extraordinary in the ense of being unusually 
productive and creative. However, I can see no evidence that the reasoning 
processes he uses, taken individually, are extrr rdinary. The train of 
thoughts S2 reports weaves a "coher : story" i.i tne sense that each new idea 
appears connected to previous ideas and is therefore at least weakly 
constrained bv previous ideas. 

S2's ideas are also connected by the specific relationships implied in 
Figure 4 in which new ideas can grow out of roodif icaticns of or reactions to 
past ideas. Th. is an even more specific sense In which his insight did not 
emerge from 'out ^f the blue," and it will be discussed further in the section 
on creative processes below. 

It should be noted that Tweney (1985) cites evidence to discredit the 
idea that Faraday's discovery of induction was a "bolt from the blue," as some 
have thought; and Perkins (1981) came to the conclusion, after reviewing the 
literature oo insight in creative thinking, that there is no convincing body 
of w"v<dence ihat insights occur via special or extraordinary k^ocesses. This 
does not eliminate the possibility thit such special processes might exist, 
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but it does indicate th^t t is difficult to find convincing evidence for 
the a. 

Defining "Insight " 

I have discussed some senses in which S2*s protocol does not provide 
evide< ct for a pure Eureka event. In this section I will propose aoM 
criteria for a less extreme kind of event I will tern a "scientific insight.* 
In order to sort out tne different sehsea in which ^2 'a solution is and la n^t 
an example of insight behavior, it vill be useful to refer to the following 
list of the features of his polygon with torsion breakthrough which are 
insight-like. 

I. The breakthrough is important i'*eat 

A. It is a key idea — an important component of a solution; 

B. It overcomes a barrier that blocked progress; it cOmes After a 
frustrating series of false leads and blind alleya- after a period 
where little progress has taken place; it resolves an anonaly. 

II. The breakthrough adds significantly to the subject's knowledge. It 
produces a large structural change in the subject's model where hex 

A. identifies new variables or causal factors in the systtn; 

fi. identifies a new hypothesized mechanism in the form of an 
explanatory model; 

C. states that it increased his understanding. 

III. The subject's ideas are genereted fairly quickly during the breakthrough, 
and he achieves rapid subsequent progress tr isrds a solution. 

IV. The breakthrough is accompanied by more complex phenomena: 

A. It is accompanied by indicatora of emotional response- surprise, joy, 
satisfaction, 

B. The subject realizes immediately that something important has been 
discovered in the torsion idea. 
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The follovini are senses in which S2*s breakthrough was not a Eureka event: 

i. The breakthrough idea was not generated extremely suddenly without 
prcparat ion. 

II. It did not involvs the total replacement of one hypothesized raodel with 
anot^c< . 

III. It is explainable via ordinary reasoning processes; there is little 
•videncs tbat it was: 

A. an sxtraordinary thought process; 

B. an unconscious process; 

C. a break with all previous trains of thought. 

One can now uss the criterii developed in the above list to define three 
categories o£ insight behavior. These definitions arn, of cour«e» to some 
extent arbitrary; the goal is lo try to define some useful categuries that 
Will help to maks finer distinctions tijat can aid in analysis. The categories 
(designed to refer to hypothesis develofiment activities) sre "breakthrough." 
"scientific insight," and "pure Eureks event »" defined in increasing order of 
specificity and inususlness so that the "breakthrough" category includes 
"scientific insight." and the "scientific insight" cate^oiy includes "pure 
Eureka events." 

A breakthrouRh is a process that produces a key idea— an imp'^rtant 
component of s solution — and that overcomes a bairier tnat can block progress 
toward a solution. 

A scientific insiRht is a breakthrough occuring over a reasonably short 
period of time leading to a significant structural improvement in one's model 
of a phenomenon. That is, it constitut»^a a Ift froj the subject's previous 
way of representing the phenomanon and leads to an increase in understanding 
of the phenomenon, as determined by the evi>:aation process in Figure 4. T'"is 
is the descriptor that appears most appropriate for S2's breakthrough. 
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A pure Eureka event is a scien* *-<sight where: (1) there is an 

extremely fast eroergence of a new idea with little evidence of prsparationj 
(2) the new idea is a whols structure rr,plscing the subjtct*s previous aodtl 
or understanding of a situation; fi) tht process 3r not explainable via 
ordinary reasoning processes; exf.aordinary thosght processes or unconscious 
thought processes are involved. 

This recasts the earlier initial definition o£ a purs lurtka event (an 
extrenely sudden, reorganizing, e^vLraordinary break from the subjects* 
previous ideas) in • way that relates it to other types of insight behavior. 
For sone purposes, reducing everything to these three categories «ay be less 
important than having something like the above Hat of features for describin« 
different ways in which an idea can be insightful. But the three terms nay 
provide a useful shorthand for s^me purpo-^s. 

Summary 

Thiff section has sttempted to snswer the question: "Vss the polygonal 
coil with torsion breakthrough more .ike a suddsn Eureka event or an exaaple 
of steady accretion?" The case sgainst accretion is the following. When one 
examines the thinking aloud case study microscopically over tens of ainutes on 
a small time scale, one sees an arduous dialectic process of conjecture, 
evsluation, and rejection or modification of hypotheses thst pre»:eU.^* cht 
breakthrough, as opposed to sn event thst tskes place inst sntan-^ousiy snd 
effortlessly. Thus, in terms of effort slone, there is certsinly a long and 
steady expenditure of energv on the part of S2 . However, t\ issue of central 
concern here is not the expenditure of energy, but the construction of aev 
knowledge. With respect to the formstion of sn explanatory Bodel, progreas 
did not take place as a smocth. incrementsl evolution of new knowledge. 
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Progress appears to be blocked when the subject is "locked into" his current 
conceptualization of the problem for long and aometimes frustrating periods. 
Most of the approaches he tries during this period must be thrown aw^y; they 
are not used later as piecea of the final model. Ore analogy generated by the 
subject then led to • fairly sudden insight which led to th^ fomatioo of a 
new hypothesized model. Thus» insight process were found which are not 
accretionist in character and which support a view of scientists as capable of 
significant reorganizationa in • relatively ahort period of time. 

On the other hand, the major case against a pure Eureka event is that 
these processe- do not appear to be supernormal or unconscious ones. It vas 
concluded that S2*s breakthrough can be conaidered a relatively audden anO 
structure- tg event that includes relatively divergent and creative 

processes, but that it should not be considered extraordinary. The upshot of 
the present analysis, then, is that rather than being an example of an 
•ccretion or Eureka process, the pace of progreaa is uneven, with "more 
revolutionary* and "lead revolutionary- periods of work. S2»s breakthrouu* 
can be characterized in the above terms as a scientific insight but not as a 
pure Z'jreka event. 

CREATIVE MENl'AL PROCESSES 
The various processes in the model construction cycle can be divided into 
two main categories, the productive processes of generation and modification 
and the evaluative processe-, of empirical testing and rational evaluation. In 
this section I examine questions about these individual processes and how they 
interact. Evaluative processes will be discussed first with respect to the 
role of anomalies, leading no the view that a tension condition indicated in 
the protocol is partially analogous to the motivating tension between an 
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anomaly anH a persistent paradigm in acience. In a second section I discu«e 
the role of transformation and invention in analogue hypothesis generation* 
processes which create the possibility of provoking the recognition ot • nsv 
principle in a novel construction. *n a final section I discuss the rol« of 
divergence and constraint in produc Jve procerv'^s, leading to the viev that 
these processes are less constrain^:! and convergent than established 
procedures, but more constrained aid "Intelligent" than a blind selection sad 
Variation process. 

Anomalies and Persistence in Protocols and Paradigms 

In thi., section, I attempt to provide a deeper level of explanation for 
the phenomenon of extended periods of little progress between insights In the 
protocol in terms of the dialectic view of model construction as a cxclicsl 
process of generation, evaluation, and modification. Table 1 outlines 
evidence in the protocol for the preaence of such a dialectic process. Qnu of 
the more subjective observations one van make of S2«« overall behavior In the 
tape is to point to the impr^ /ive amount of strenuous activity that S2 poured 
into this process. Even for those who admit that analogies can play m role in 
scientific discovery, n common view is that a subject may be paesiveljr 
reminded of an analogous situation C, and be able to transfer a prediction 
from C ba'-k to the problem. The iaage is of the JnaiRht "coming to the 
su'jject" aa a passive receiver. In the present case, the subject is nuch store 
active and aggressive: inventing tentative analogies, rejecting a number of 
them, pursuing those that have prcmiae by criticizing them aggressively, end 
modifying them in a series of thought experiments until he is satisfied ha baa 
a valid model. A more apt informal image here ia a conatruct ivist one of tha 
subject "aggressively constructing and testing different models in an effort 
to capture an understanding of the phenomenon." 
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Vhat drives sll thir strenuous sctivity? In particulars why does the 
subject persist in criticizing his understanding when he is already 90X sure 
that the wider spring will stretch more? What drives the hypothesis 
formulstion process, snd keeps it working in the fsce of little progress? Why 
is there a period of very little progress followed by a period of insight in 
this protocol? For the last qjestion, one could simply bay there are a large 
number of possible psths to consider and that it is just a matter of luck -"ist 
determines when one will find a successful path. But there may be a deeper 
reason connected in st least one way with Kuhn's idea of intermittent progress 
in science (periods of normal science and revolution.) In this section, I 
sttempt to speak to these questions in terms of conflict between a persistent 
model and a perceived anomaly. 

Dialectic tension. There is s palpable tension obvious in the first 
section of vhe video tape that is conveyed on!/ to a limited exte t by tl . 
transcript: • frustration with not being able to resolve the anomaly of the 
lack of bending in a helical spring. Fcr example in lines 87 and Hi, he 
says: 

87 S: ...if you start with a {stretched] helix and unwind it... you should get 
a bow (bend), but you don't. I mean visually imagining it, you 
don't. I don't see how you could make the bow go away- just to 
wind it up- Damn it I 

III S: Darn it, darn it, darn it... why should thst (the difference between a 
rod snd a coil] natter? 

The tension apparently occurs between the rod model, snd the Isck-of- 
bcndlng snomsly. This tension or disequilibrium condition appears to provide 
a driving force that keeps the subject actively attacking the problem even 
though he claims he is already 901 sure of his answer. It bothers him enough 
tj drive him to search for a way to modify the rod mode] or replace it. This 
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search takes up the better psrt of the 52 minute interview which ^s ptppertd 
with expressions of frustration. Line 176 provides evidence that tht rtasott 
for his dissatiaf action haa to do with an important difftrenct Uetvttn having 
a confident prediction and having a feeling of understanding. Ht spaaks of 
having low confidence in hia underatanding becauae the rod model predicts e 
property that he fee la should not occur in real springs, even though he has 
high confidence in hia predicted anawer. I take thia as an interesting 
example of a aituation where good performance is not equivalent to deep 
underatanding, and, becauae of the subaequent eventa which raise his 
confidence, I take the important difference to be the lecK of a satisfying 
explanatory model. 

Persistence of the initial model . Line 87 above is indicative of the 
fact that the aubject finds it very difficult to give up the bending rod 
model. The persistence of the bending rod model, vith its image of the spring 
coil loade of aegments, each of which arc bending, appears tc be an example C/f 
an Einstellung effect; a problem space dominatea the aubject *s thinking, and 
prevents him from generating n'icessary new ideas. In order to make progress^ 
the subject must redescribe fa problem using new descriptors; he needs e new 
problem representation. fiuV the rod model keeps reappearing in the 
trenscript. Even though he proposes rejecting the model several times, he in 
repeatedly tempted to return to it. It is as if the idee haa an autonomous 
"life of its own." 

A powerful anonaly . Pitted against this persistent model is a powerful 
anomaly. Bending in the vertical plane is <**ntral to the rod model, but he 
cannot itcsgine e way for bending to take place in • >elical spring. Here I am 
using the term anomaly in the broad Sense of a new finding which conflicta 
with previous ideas, whereas in some narrower usages, its referent is limited 
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to s nev non-confoml.ig observation. In sunniary, the synptoras of tension 
observed in the subject appear to be the result t^t a ccn/lict betweer a 
persistent initial model and s powerful anomaly. 

Analogy to tha persistence of a paradigm. When the polygonal coil with 
torsion model is found, it appears to finally break the tension. There may je 
a partial analogy here to Kuhn's idea of the persistence of a paradigm in 
science (Xuhn, 1962). Even when anomalies sre known to exist, it is difficult 
to reject a paradigm until something better is found to replace it. But this 
is very difficult to Ho since it requires breaking out of the current, stable 
point of view. Here the bending rod model is hkrd to reject until the better 
model is found, and this requires a great deal of imaginative effort. 
Compared to a problem on the frontier of science, the scale here is, of 
course, very much smallrr snO easier. For example, there sre no social forces 
to reittforcs the stsbility of the subject's initisl model. Nevertheless, 
this tension between s persistent initisl model snd s recognized anomaly, 
wMch hslps to explain the long period of slow progress followed by s period 
of scientific insight in the protocol, is reminiscent of Kuhn's descriptions. 

Tension from an anomaly as s source of motivation . Furthermore, the 
tension associated with his dissst isf sC Ion with his understanding ipparently 
drives him to keep rssttacking the problem repeatedly until he makes a 
breakthrough. In tha prsssnt situation '.he gensrstion of a new or shsrply 
mojified model is required in order to break the deadlock; snd it is in such 
cases that analogies should prove to be particularly useful, since they help 
ihe subject bresk swsy from his current model. Vhen they sre successful, they 
appsrently csn lesd to fairly large snd rtpid chsnges in a mental model. S2 
considers no less thsn 12 snslogous cases during the protocol, including some 
that do not sppesr in the trsi.script ex.^rpts given here, snd this high degree 
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of genisratlve activity can be seen largely as a response to the tsnsioa urging: 
him to find a more satisfying model. Thus, this example suggssts thst ths 
tension between s previously estsbllshed model and s prominent snomaly csn be 
a major driving force behind hypotheais generation. 

Here it appears to require something ss divergent ss snslogy gsnsrstion 
to bresk out of the Einstellung effect formed by a persistsnt inadsqusts 
model. This provides an important connection between ths prsvious two BSjor 
sections of this chapter on model construction via analogy and tha praaance of 
insight in S2*8 protocol. The process of snslogy generation, notivstsd by the, 
recognition of an anomaly, appaara at timea to ba powerful enough to break 
away from a persiatent but inadequate modal or view. Thia ia ona way in vhieb 
a sc'«ntific insight can occur. Thus the phenomenon of intsmittsnt progress 
involving periods of little progress punctuated by occasional insights csn be 
seen as a natural outcome nt paychological proceaaea. 

Trsnaformationa, Invention, and Hemory Provocation 

Transformations ss a aource of c reativity . In thia aection I nove to a 
discussion of hypothesis gensrstion processes, snd of snslogy generstion via 
trsnsformations in particular. It ahould be noted that aaaociation apparently 
is not the only source of crestivs or divergent idess in this protocol. For 
example, after considering the bending rod caae, in line 23, S2 aaya: ^Surely 

you could coU a apring in aquarea, let'a aay, and it would atiU ■ 

Here the aubject aeems tc be constructing s new csss by trsnsfonning th- >d 
into s squsre coil rather than making an aaaociation to an axiating idea in 
memory. Alao, in line 37 the double length apring analogy originataa from the 
tranaformation of eliding a weight along a wire. A tranaf onnation occura when 
tne aubject alters festures previously sssumed to bs fixed in sn sxisting 
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problem representation t> create a new representation. In a previous study, 
it was found that of the analogies generated by 10 subjects in solving the 
spring pr&uiem, mors were gensrated via a transformation than were generated 
via an association (Clement* 1988). In that study, the tern transformation 
vas used to refer to a gsneral type cf cognitive operation in the form of the 
alteration of a representation for any situation Jn working memory, including 
an original target situation. Thus, the modification piocess referred to in 
rii re 4 is a transformation applied to ths prsviously hypothesised scientific 
model. Although association often is cited as a primai^ source of creativity, 
it may be that transformations are just as important, if not more important, 
in scientific problem solving. 

Invention of analogous cases. The novelty of the zig-zag and polygonal 
springs supports the claim that they are invented cases. For example, the 
square coil was apparsntly constructsd via a transformation, not recalled from 
memory. Although analogous casss typically are thought of as schemes already 
in long term memory which are activated or retrieved during problem solving, 
it can also happen that tha analogous case is invented along with the analcgy 
relation. Models gsnerated by inventing an analogous case are in this sense 
even more creative than those generated by being reminded of an analogous 
case. 

The polygonal coil is a new problem representation amenable to a new 
method ol analysis (torsion). In such an instancr*, the knowledge that one 
gains from an analogous case C need not be "stored in" C. Thinking about C 
may activate a useful schema (such as torsion) which has not previously been 
applied either to the original situation to U explained or to C. This 
init^ncs providrs some support for Black's view that the i.Ttcract ion between 
the original and analogrjs cases can produce knowledge in the form of an 
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insight that was not residing beforehand in either the original or the 
analogous cases: "it would be more illuminating in some of these casts to say 
that the metaphor creates the similarity than to say that it formulates som 
similarity antecedently existing" (Black, 1979, p. 37). In the prtstnt case 
study, in contrast to the usual view of analogy generation, the recognition of 
the key relationship (torsion) in the analogous case occurs well after the 
generation of vhe analogy. The analogy plays a provocative role in activating 
a princii.*ie whose applicability was prsv .ously unrecognized, rather than a 
"direct source of transferred information" role. This issue is discusssd 
*urther in Clement (1988). 

Thus some analogies are invented rather than recalled, and some play a 
"provocative" role in accessing new information rather than a "direct 
transfer" role. 

Constrained Successive Refinement vs. Blind Variation 

In this section I turn to hypothesis gsnsration and modification 
processes as sources of creativity within the model construction cycls. I 
want to begin to examine the extent to which these Drocsssss ars random or 
constrained. In fact, much r>t the protocol precsc ng the torsion insight can 
be viewed as divergent exploration to find clues for a new direction for 
analysis. Soms relativsly unconstrainsd divergent processss that occur in tha 
protocol are associations, transformations of the problem spacit, the 
activation of analogous cases in memory, and the invention of new analogous 
cases. These processes can lead to multipls suggestions with no guarantee of 
success or even relevance. They are much less constrained and systematic than 
an established, convergent procedure for solving a problem. This leads to 'he 
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foXXowlng qutstion: "Are S2't processes so divergent as to constitute a random 
trial and error process"? 

Certainly S2»s divergent thinking seems to be less systematic or formal 
than cither logical deduction or methodical procedures of induction. And yet 
this less formal method of conjecture, criticism, and modification sUovs the 
subject to make impressive progress in his understsnding . In this process, it 
does not matter so much if one makes a faulty conjecture; it may still be 
possible to transform it into a successful conjecture by carrying out a series 
of criticisms and modifications. In this section I discuss the sense in which 
this successive refinement process goes beyond a random trial and error 
strategy. 

In its weakest form, the cycle in Figure A can be described as a random 
trial and error process. By this I mean that the old hypothesis is discarded 
and a totally new random hypothesis *s tried on each cycle, without any 
learning or attempts st modification between cycles. A less divergent 
strategy would be to randomly modify part of the previous hypothesis and keep 
the remainder in each cycle. This is analogous to s random variation theory 
of evolution. (See Campbell. 1960, for un exposition of this snslogy.) 
However, there is evidence that the generat<on and modification processes are 
not random ones in the case of S2, snd that ihey are more powerful th*n the 
above two processes. 

The first type of evidence is the general observation of spontaneous 
analogy generation as a hypothesis generation strategy. Analogous esses are 
generated by associstion or trsnsformst ion processes which means that they are 
connected in some way to the target. The connection may not be s strong one, 
but this is better than no connection at all. 
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The second type of evidence indicates that at times, a conscious 
constraint is held in mind when generating a new association or ^ 
transformation. For example in line 57, S2 appears to focus on the id«a of 
stretching as a constraint as he generates several tentative analogies by 
association after asking himself, "what else stretches"? In a second exaaplAv 
in line 117 he generates polygonal coils after attempting to "generate idees :^ 
about circularity. . .why should it matter? How would it change the way the 
force is transmitted," in the spring? The use of conscious constraints 
during generation is one sense in which the model construction cycle ceo go 

I.: 

beyond a random variation and selection process. 

A further type of evidence is the observation of an intelligent ^- 
modification process in the cycle. Most of the analogies generated by S2 V«n 
rejected in the end. But several did clearly serve as stepping stones by 
preparing the way for suggesting better ideas later on. This gives the cyclo 
the property of successive refinement, in which one can learn fron the 
mistakes of the past. For example, the first zig-Zf^ spring in line 23 is 
criticized as a model because of the contaminating effect of bending at tho 
joints. This is then modified into a second zig-zsg model with stiff Joints 
which is aimed st removing the criticism. As a second example, the bending 
rod model is criticized becsuse of an assumed Isck of cumulative bending in 
the spring. The introduction of the square coil model solved this problem bj 
eliminating the cumulative bending effect. In these instances the subject 
seems to generate or search for modifications which remove particular 
difficulties that the evaluation process has identified in an existing aodel. 
Thus the cycle involves intelligent modification based on information about 
prior difficulties. This is a particularly powerful way in which generation 
and modification processes can be constrained. (I hi/e only scratched the 
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surface of these issues here. See Darden (U83). Rada (1985), and Darden and 
Rada (1988) for a further discussion of non-blind hypothesis generation, 
Including the us* of interrelations between scientific fields as a heuristic. 
Also. Holland. Holyoak. Nisbett, jnd Tlngard (1986) discuss goal weighted 
sumation of activation as a possible nechanisn for guiding retrieval of 
relevant infonnation. while Lenat (1977. 1983) discusses heuristics for 
learning by discovery in mathematics. From a broadar perspective, in case 
studies of Faraday's and Darwin's thought, respectively. Tweney (in press) and 
Gruber (197A) have proposed that breakthroughs which appear *o result from a 
fortunate "chance interaction" of several ideas were in fact significantly 
favo ed by a network of prior activities in the scientist's life.) 

Finally, it should be noted that comparison and selection between 
previously generated models can also occur, ior example. S2 settles on usirg 
ihe SQuare coil as a model over the hexagonal coil, apparently because the 
■quare is simpler to analyze. T.his is a classic type of rational assessment 
criterion. 

Lass constrained method^. Nwt all generation methods are h ghly 
.y.tamatic or constrained, ihe generation of the double-length spring analogy 
in line 37 provides an interesting example. Here the the aialogy originates 
from the idea of sliding a weight along a rod. He then imagines this 
transformacion happening on th^ spring itself, as if it wer-^ amply an 
•interr i^g ^^y." There is some evidence here that the subject 

exploring new and uncertain directions rather than ti/ing to achieve a 
■pe.ific goal using a conscious strategy of generation under constraints. 
Although the analogy in this case does not lead to a breakthrough, one cannot 
rule out the possibility that the ability to t.ink playfully in a relatively 
unconstrained manner wou3d at times be a powerfj methcd. 
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Summary. Thus I arrive at an intermediate poaition concsrning ths 
nature of the subject's hypothesis generation and modification processes. 
Compared lo a pure Eureka event, they form a more ordinary and connected train 
of thoughts. Compared to a problem solving process governed by established 
procedures, they are divergent processes that are relatively unconstrained. 
They can produce novel inventions like the polygonal coil as well as a 
presumably infinite variety of other representations. As they occur here 
within the model construction process houever. they often appear as part of 
an intslligent succes.^ve refinement process rtthsr than a blind variation, and 
selection process. 

DARWIN'S l.MEORY OF NATURAL SELECTION 
Having reviewed some philosophical views of hypothesis formation 
processes in science and having presented some current findings from expert 
protocols. I will consider a thitd approach to tht. study of creativity in 
science: the analysis of notebooks and other historical documents produced by 
innovative scientists. I return to the sxemple of Darwin's theory of natural 
selection mentioned at the beginning of this chapter. Gould (1980) noted that 
earlier vriters had described the origin of this discov:»ry te the net result 
of a gradual buildup of i nf orm-t ion process of accretion that occurred 
during Darwin'a voyage on th* B-agle. principally in South America. However, 
Cruder (197A) debunk, this view by pointing evidence in Darwin's notebooks 
indicating that after the Beagle'a voyage, he. like a number ^.f other 
naturalists, believed in the existence of evolution (gradual change 
species) but still had no mo^el to explain it. Hi lacked the theory of 
natural selection. It was only after a year and a half of conceptual struggle 
after his return to England thet Darwin was able to formulate a satisfactory 
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theory. A ptrtlcultrly tuoous piece of evidence .rguing ,g,l„st the accretion 
view 1. the l«port.nt role of .n .n.logy th.t occurred to D.rwln when he re»d 
Mtlthu,. 1„ hit tutob<ogr.phy (written much l.ter) he wrote: 

llJ^D^n^!^ f"" ^" »«l"u» on population, and being 

Ivi^hl*^! appreciate the .truggle for existence which 

T' °" long-continued ob.ervatlcn of animals and 

«.v^,!m. .°°r- circumstances 
ilT, tn l t"" to be preserved, and unfavorable 

ones to be destroyed. (Darwin 1892, p. 42-43) 

Darwin .aw that factor, similar to those that Halted population grc-th In ™an 
(such .. a limited food supply) „,ght b, , source of a selection factor in a 
.urvlv.l of the futest model for animals. Thus, the accretion by .nductlon 
view I. hard to maintal in Darwl i's casi. 

Do." th. Malthu. episode then provide evidence for a Eureksist view of 
Darwin., achievements The recent analyses of Darwin's private notebooks 
carried out Gruber (1,74) ard Schweber (1977) argue .gainst this conclusion 

well. They .how that Darwin struggled long and hard, considering several 
hypothese. and gradually modifying and fitting a number of pieces together 
into -.he theory of natu.al selection. The notebooks indicate the analogy f„n, 
Halthu. wa. only „„e event in a complicated process of generation, evaluation, 
and nodif ication. 

Darwin read widely In fields outside of biology, .nd apparently drew 
.nalogie. from these field. In constructing his theory. IncludlnE the ideas of 
variation and selectior (f„m breedln, in domestic husbandry), and the idea of 
natural competition (f„m H.lthus as discussed above) (Darden. 1,83). Gould 
believed Darwin a^so was influenced by the lals.e. falre economics of Adam 
Sn.Uh vhlch Showed that an ordered and efficient economy could emerge from 
free competition. An analogy can be made to evolution here via the co^non 
idea of positive group change coming out of individual struggle. I„ ...uion. 
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Gruber (1974) cited Darwin's early geological theories on the growth of** 
Pacific barrier reefs over tens of thousands of years as fezcile preparation 
for thb idea that snail individual forces acting over long periods of tine 
could effect vast changes in nature. 

Thus historical avidence in Darwin's case now supports a more complex 
view than either inductivisn or Eurekaism. Both the fertilt empirical ground 
of careful ooservations and the and Pon>enpirical insights fomed by kty 
analogies to other fields were apparently crucial in Darwin's case. This 
analysis suggests that • nore realistic hallmark of gcfnius than pur* Eureka 
episodes is the ability to generate a variety of tentative analogue aodals as 
a starting polrt and then to carry out trae long struggle of repeated 
conjectures, criMcisns, rejections, and modifications necessary to product a 
successful new theory. Although the time scale is much longer in Darwin's 
case, it is interesting that these are the same distinguishing criteria that 
emerge from the most inpresrive cases of model construction in the protocols 
discussed earlier. This suggests that perhaps the jiost viable powerful fom 
of scientific reasoning Ilea not in the ability to "hit" on a perfect «odel at 
the outset, but <n the ability to engage in such « dialectic, successive 
refinement cycle . 

FEATURES OF CREATIVE THINKING AND IMPLICATIONS FOR rUTURE RESEARCH 
Creative Thoui^ht 

To the extent that an 'xtenc«id analysis can remove the initia) subjective 
impressiv ,t8s of an event, perhaps I an in danger here of seeming to 
triviilize the processes of rnalogy generation, nodel construction, and 
insight as hypothesis development activities, end I would like to avoid giving 
that impression. Clearly, once one has thought through the answei to e 



71 



67 



problemi the solution process can appear to be less impressive or even obviou 
from hindsight. While one is actually solving a problem, however, creative 
reasoning such as that exhibited by S2 is impressive in a number of ways: 

(1) First, there is the insight in the protocol which seeros to lead to o 
"flood" of ideas. The speed of progress during this episode is impressive. 

(2) S2*s central achievement is the generation of a new structural 
hypothesis -the invention of a new raod. 1 of hidden mechanisms in the spring 
that he has never observed. This involves the identification of new causal 
variables in the system (such as torsion) and new causal chains, as well as 
the identification of a new global effect (lack of ciuaulative bending). 

(3) An important factor in producing this achievement is the subject's 
desire to ask "why" questions and to seek a deep level of undei standing beyon> 
what is requii 'd for the aolution of the immediate probleit. Presumably, this 
urge to penetrate surface features and conceptualize an unoerlying explanator- 
model at the core of a phenc^enon ia a basic motive underlying creative theor* 
motive formation i.j science. 

(4) He exhibits a remarkable persistence in this quest in the face of 
recognized internal in isis^eacies and repeated failures. There is soraethinj 
of an existential twist here: although the problem has no practical 
•ignificance for the subject, he puts tnormoua energy into the problem of 
understanding as a challenge for i^a own sake. 

(5) His playful and uninhibited inventiveness in producing conjectures 
and modifications of the problem is impressive. The analoijjus cases he 
gf-nerate^ in searching for a better way tc represent the problem included the 
bending rod, polyester molecules, leaf springs, watch springs, two types of 
zig-zag apringa, two or more types of polygonal springs, and double-length 
springs. He displays an ability to think divergently and the flexibility to 
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modify thought forms in novel ways. In the author's experience, thia kind ol 
flexibility appears to be a prominent characteristic of creative phyalcitta 
and inventors. 

(6) There is a willingness to vigorously criticize sod attack the 
validity of his own conjectures. S2 is able to engage in a dialectic 
conversation with himself, propoaing new ideas on the one band, snd 
criticizing them on the other. This aeems to require viewing the failure of 
any single idea as not very important; although as has been shown, the 
apparent failure of seven or eight ideas to produce a breakthrough does lead 
to some degree of frustration for S2 . 

(7) With respect to Figure 4. ona can contrast the productive function « 
the generation and modification procesaes with the evaluative function of the 
rational and empirical testing proceaaea. The divergent snd creative 
generation processes (such aa the uae of analogies) represent a aignificant 
departure from the more systematic, rule-governed proceaaea of theory grovth 
envisioned by inductioniata, who would tend to see them aa much too 
unrestrained to be part of the diaciplined acientific enterpriae. Hovever, 
the generation processes are not entirely unconstrained, aa has been 
discussed, and the evaluation proceaaea in Figure A provide aome atroog 
restrainta which can in fact act to control the enterpriae of model 
construction. Thus, alternating between generative and evaluative nodes in 
scientific thinking is aeen as a powerful method, even when the generative 
methoda are divergent in character and new empirical teata cannot be 
performed. 

(8) Perhaps S2"i awareness of his own ability to criticize ideas, and tlK 
resulting faith in himaelf as a aell-correct ing ayatem, allows hin a freer 
hand— allows him to be more uninhibited in generating conjacturaa snd 
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considering directions to pursue. It may be that generative ability and 
crit.cal ability are mutually supporting. Critical ability gives one the 
freedom to be unuaually associative or inventive. Generative inventiveness, 
or the ability to replace and repair what one removes gives one the 
confidence or assurance to be critical of and to at throes tear down existing 
ideas. S2 seems willing to consider "risky" analogies such as the double- 
length spring «nd the bending rod that appear to be very aiiterent from the 
original problem. However, ii, has \ ien shown that even when a risky initial 
analogy does not turn out to be explanatory, modifications of it may lead to 
an explanatory model. Realization of this potential for debugging or redesign 
via criticism and modification may allow one to feel freer to explore more 
imaginative models or a wider range of models. This freedom in turn would 
appear to be an important tool in the difficult Job of breaking out of 

ious conceptions of the target situation. Again, rather than the ability 
t<j hit on the -»est possible idea in one stroke, it may be that it is the 
ability to engage in a cycle of hypothesis construction and improvement that 
IS the most powerful form of scientific thinking. 

The above qualities appear to be some of the most impressive 
chrracter ist ica of creative . inking visible in the case study. 
Implications for Future Research 

The conclusions reached here suggest that creative hypothesis formaLion 
processes are atill poorly underatood, but not outside the realm of possible 
study. Mansfield & Brus&e (1961) give examples of five aspects of the 
creative process in science: (1) problem selection; (2) extended effort; (3) 
setting theoretical, empirical and methodological constraints; > changing 
constraints; and (5) verification and elaboration, including a process of 
formuUting new constraints and testing them. Two areas which the present 
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case study does not address are problem formulation and empirical and 
methodological constraints. These are Important problems for future 
research. 

There are also other areas where obstrvations were madt in the esse study 
that the present analysis has said very little about. The first is the 
overall complexity in the details of S2's thought processes, including ths 
presence of multiple goals, i-eturns to previously attempted golutlon paths, 
the balancing of divergent and convergent processes, and the resolutlc of 
competing influences. In addition, each of the subprocesses shown in Flgurt 4 
i« in need of much more detailed study. Second, the subject can exhibit sn 
"Aha" reaction that something important haft been discovered, even befor* Ita 
implications have been de-'oped and articulated. For example, the Aha 
episode upon considering the square coll In linr 117 Is of this form. Third, 
aubjective observations from the videotape that are hard to capture in print 
are the exuberance present In hia "Aha" episodes and the ton. of frustration 
present during his periods of failu,.. This adds an emotional dimension to 
the process that is distinctly human. Fourth, I have only touched on tht 
problem of how "guided" conjecture 1, guided-why one person's initial 
conjectures are much more fruitful in the long run than thos. of others. 
Fifth, S2«s strong dri/e to ask "why" questions mentioned earlier (a kind Of 
curiosity) certainly has not been explained. Sixth, very Uttle has b«*B said 
about rational evaluation. Of particular importance la the problem of hoir ont 
evaluates the validity or appropriateness of a proposed analogy. Match;nt 
"important" features is one method, as has been iUustrated, but thert .ay bt 
others as well (Clement, 1986). Finally, S2's flexibility In inventing n.w 
uroblem representations is hard to model. His image of the spring appear, to 
be malleable; he appears able to modify it Into an infinite number of fons. 



and variations. In fact there are a number of spontaneous i.aagery reports ir 
the protocol vhi :h suggest that certain forros of spatial reasoning on spatia] 
representations may be central to SVs thinking here. Although the discussic 
of these reports is beyond the scope of thia atudy, this opens up a large znc 
important question for future research on the nature of these processes and 

the role they play in scientific thinking (Clenent, in press [a] ^nd [b]). 

The above phenomena are not well understood, and indicate that we are fa 

from formulating adequate explanations for many aspects of creative processes 

They still inspire awe, pointing to areas where the science of psychology 

remains quite weak and where further research is needed. 
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EDUCATIONAL IMPLICATIONS 
Learning via model construction ia an area of utmost importance to 
mathematics and science education, and an ^rea that is very poorly understood. 
The present study is essentially a atudy of learning via modal conatructJon in 
scientists. Thus the stuJy will have interesting educational implicationa if 
it can tell us more about processaa that need to be fostered when atudanta 
are learning acientific models. 

Essentially, I will propose that the model construction cycle in Figura 4 

may be useful as a description of .roc which need to take placa in 

students learning to comprehend acientific modela. Due to apace llmltatlona I 
can only preaent a brief sketch or this idea here. The cycle Js relevant to 
three major educational goala: the content goal of compr«; handing eatabliahed 
scientific models; the process goal of learning to aolve ill-atructured 
problema; and the even more ambUioua proceaa goal of learning acientific 
method or acientific inquiry ,killa. By attending to these different content 
and process goals, iucatora may be able to deaign inatructlonal actlvitlea 
more effectively. 

Content goals; comp rehending acientific nodela. With respect to the 
first goal of comprehending eatabliahed acientif5c modela, aevvral polnta can 
be made. Firat, as haa been diacusaed, many modern acholara have argued that 
explanatory models are an essential part of scientific understanding. Aa 
shown in Figure 3, explanatory models are a eparate type of knowledge from 
either empirical laws or formal quantitative principlea. Eakley (197$) and 
others have noted the unfortunate tendency of educators to aaaocUte "rati" 
scientific thinking with only the latter two typea of knowledge. 
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A second point is that students learn complex loodels vis an internal 
construe ion process, not via a direct transmission process during lecture. I 
cannot support this sstumption fully here, but current research in science 
educstion is providing fin increasing mnount of evidence in this direction. 
The complex, tacit, non-observable, and sometimes counter: ituitive nature of 
scientific models mesns thst misconceptions or "bugs" will be the rule rsther 
than the exception during instruction, requiring critical feedback and 
correction processes. This means that the learning of complex, unfamiliar, or 
counterintuitive models in science req'jires . kind of Earning by doing and by 
construction snd criticism rsther than by listening slone. 

In this light Fifiure 4 is seen ss a potential model for the learning of 
scientific conctpts by construction in the classroom. Educators inspired by 
Piaget and ot/icrs have advocsted spprosches bssed on the construction of 
knowledge, disequilibrium, and accommodation. Unfortunately, the application 
of these concepts to instructional design suffers from s Isck of pr-scision and 
ronsistency. The present approsch may lesd to a more explicit model of the 
process of learning scientific models. The findings from this study lend 
support to sn educational strategy where rsther thsn "swsUowing" packaged 
ideas in a whole" in lecture, students sre seen as developing psitial models, 
questionirg them in fsce of snomalies, .nd working from their initial model to 
construct a more adequate model. The term "knowledge construction" has been 
much usad in <Jiscui*loni of education. Perhapa the concepta of using prior 
knowledge (e.j. analogiea), modifying modela, .nu ,b aucceasive refinement 
cycle can provide a more explicit picture of construction processes. 

A third point is thst exploratory model construction takes place in the 
scientist via a set of processes :hat are different from those used either in 
fcrmal deductive proof, in the manipulation of quantitative expressions, or in 
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inductions from data. The present study spesks perhaps most strongly to this 
Isst point. It underscores the iroportancn of processes which sid abduction, 
such ss: us. ig analogue models for developing understsnding; fostering 
disequilibrium in order to motivate efforts towsrd model construction; and 
fostering criticism snd modificetion (or rejection) processes for overcoming 
difficulties occuring in students* models which contsin misconceptions. Very 
valuable non-empirical criticism &nd modificstior processes csn tske plsce 
when studants attempt to give explanations and argue about them in large or 
small group discuaaions (Cle. ^nt , et.sl., 1987). This simple implicstfon is 
probably greatly underemphasized in instruction. Educstors need to 
distinguish between activities aimed at forming explanatory models, snd those 
aimed at forming empiricbi 2aw hypotheses or formsl quantitative principles, 
since the cognitive processes involved may be quite different. If this is 
correct, students are unlikely to learn explanatory modela from Isborstories 
simed St inductive ressoning. Hor are they likely to learn them from the 
study of formal quantitative principlea. 

Problem aolving snd inquiry skills . Fig;.re 4 csn also be thought of ss a 
model of the process of constructing a representation for sn ill-structured 
problem. (Here, memories of prior axperiences can play a role in empirir«l 
testing if no new empirical information ia available). In the case of content 
goala aa discussed above, considerable support might be given by the teecher 
in guiding students through such s cycle. However, in order to lesrn problem 
solving skills, students eventuslly need to be able to generate problem 
repraaentation^ by going througi construction cycler without tescher support. 
Despite this difference. Figure 4 provides the basis for seeing some 
lignificant overlapping In the atrategiea for achieving content snd process 
(problem solving and inquiry) goala In acience education. 
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Finally, the most ambitious goal in science education is that of teaching 
scientific investigation or inquiry skills. In fact, it is extremely rare to 
find a class in which students are asked to propose and test scientific 
hypotheses for phenomena. Here again, it seems important not to assume that 
"discovery learning" by induction from data is the predominant process in the 
scientific method. Model criticism and modification processes would seem to 
be of crucial Importance in the design of inquiry activities. 

Thus tht moat general point to be made is that the cycle outlined i- 
Figure 4 may prove uaeful as an outline cf relevant learning processes for 
guiding educators in designing and evaluating instructional activities 
concerned with the learning of scientific models. Here I have only been able 
to sketch some possible implications along these lines; further educational 
research and development efforts are very much needed. 

SUMMARY 

This Chapter began by posing two questions concerning the origins of 
hypotheses in science and the role of insight or Eureka events in creative 
scientific thinking. I have attempted to show that protocol evidence can be 
used to argue .gainst an overly indue tionist view of the source of hypotheses. 
It can also be used to argue against either a pure accretion«=t or a pure 
Eurekaist view of the pace of change in scientific hypothesis formation. 
Instead it has led me to txke a less simplistic view of hypothesis 
development, illustrated in Figure 4, emphasizing the possibility of both 
empirical and non-empirical sources of hypotheses and multiple pas.:es through 
• cycle of generation, evaluation, and modification (or rejection). In this 
cycle, evaluation can also originate from both empirical and non*empirical 
sources. In such a system powerful scientific insights can occur when a new 
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model is developed that le«tds to a "flood" of ntw ideas. But this can happtn 
without necessarily involving the extraordinary or unconscious rtaaoning 
processes associated with the term "Eureka event." The prastnt data support 
the V J that the methods used by scientists art varied and coopltx, and that • 
the hypothetico-deductive method, rational avaluation, abduction, analogy, And 
induction may all play important rolts at different times in scientific 
thought . 

Recent work in phi .osophy of science was drawn on to make atvtral uaaftti 
distinctions. The t- ,o scientific modal was used to reftr to a pradictiva 
analogy. The term expl natory model was uatd to distinguish thoat sciantifie 
models which are intended to represent non-obvious tntltlcs prassnt in tha 
situation to bt explained. The latttr term allowa ona to diatinguiah batwaan 
two types of scientific hypothesis: a hypotheaia in the form of « predictive, 
explanatory model which introducea new entitiea that have not pravlouely been 
(and may never be) observed diiectly, and an empirical l«w hypotheaia which 
suramarixea patterna in observations. 

These distinctions helped to describe creative proceaaaa in tha caee 
study of subject S2 working on the problem of whether a vida apring etretche« 
more than a narrow spring. S2's central achievement waa the generation of an 
explanatory model— the invention of a new model of hidden nechaniama in tha 
spring that he had not observed. This involved the identification of new 
causal variablea in the system (such aa toraion) and new cauaal chalna, aa 
well as the identification and explanation of a global effect (lack of 
ciinulative bending). 

The conclusions of the study are organized into five categoriea below: 
sources of hypotheses; the role of analogiea; the Eureka va. accretion 
question} creative mental processes; and educational inplicationa. 
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Sources of Hypotheses 

)A new SL<enti£ic hypothesis in the fum of an explanatory nodel can bi 
developed »ij non-inductive means in the absence of new empirical 
information. This Itnds support to the importance of a non-inductive 
component in the hypothasis ^ener^tion pro'jeis. 

)The model constiMct ion process rbserved was one of successive 
refinement, involving repeated cyclts of generation, evaluation, and 
modification or rejection. Table i aunmarized evidence from the 
protocol that S2's progiess is a result o this kind of cyclical 
refinement process rath?, than i^eing a rcb t of either a convergent 
-•ries of dedu'-tions or in:uctions from observations, 

)Such a cycle can be more powerful th# i a blind trial and error or blir 
variation and evolution process. For example, when difficulties have 
been identified in aa existing n.odel, subsequent genr-ation and 
modif icatio.i processes can serve to remove the dii*iculties. 

)Hypothesia avaluation processes appear to be an inherent part of 
hypothesis formation down to resolution intervals of rinutes on 
occasion. History of scienct tends to look at developments over ysars 
or weeks. From thia perspective the case study observation of very 
small cycle tim^a for the non-empirical criticism and modification loop 
in Figure 4 (aa small as 90 seconds here) makes It very diffici It to 
separate the "contaxt of discovery" from the "context of justiiication" 
in the early stages of hypothesis formation. In such cases ic is 
possib . to ha"-s a r4.pid, dialectic interplay between generation and 
evaluation procexsea. 

)The development of a convincing explanatory noiel hypothe-is can also 
lead to the ^onoation of an empirical lav hypothesis in the absence of 
new efljpirical information: in this case the final model of the polygona 
coil with torsion supports the empirical lav hypothesis that (ether 
factors being equal) vide springs will stretch mor«* than narroy springs 

Spontaneous Analog ies 



)Subjects were observed to generate and use spontaneous analogies as 
predictive models. 

)Many of the observed analogies #->parently were generated via a 
transformation of another situation. Although association is often 
cited as a primary source of creativity, it may be that transformations 
re jnst as importart, if not more important- 

)ln a successful model construction cycle, an initial analogy with lov 
explanatory atatus can be developed ana modified to become an 
explanatory model which proposes the presence of a hidden st/ucture 
operati»-« in thw target situation- 
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)This means that analogy can play a role in tha genaratior. of nav 
hypovhe^ J in at least the lolloving tvo diffarent vayas (1) an 
analogouw case can serve aa a rough initial model of the target 
situation that is then devalopcd and refined; (2) a daval^pad «odil 
vhatever its or*gin, ii linked by an A..alogy relation to tha targat* 
situation aince it posits that ale*uent* and relations in the nodel sr4 
like elements and relationa in the target. This appaara ^o contril t5 
to a fueling of understanding vhen elements in the model ara familiar. 

)Rather than always being itorad aa caaea that m-a sctivatad in memory, 
some analogies (-j.g. revised mental modela) are novel, invented caaas.' 

)In some inatances th* knowUHge one gains from an analogy is not storad 
i.i the an*.iogoua case. The analogy can play a provocativa rola by' 
triggering the applicanion of n principle which has never before bean 
applied to either the target or analogoua cases- In theaa instancea tha 
mott important relationship in the analogous case is racognized a'.^er 
the generation of tne analogous cnse. ""^"^ — 

The Eureka vs- Accretion, or Pace of Conceptual Change Questiont 

)Three possible levels of inaight ware definad: a breakthrough, which 
overcomes a barrier that haa blocked progress; * aciantific inaight 
vhich is a relatively sudden breakthrough leading to a significant ' 
improvement in a model; and a pure Eureka evant, which is an insight 
that is not explainable via ordinary reasoning proctssas. 

)Ahal episodes were obaarved in asso-tiation w5»h « sclantific insight 
involving the formation of a n^w expUnatory modal- Such an insight 
can be quite powerful and impraasiva and can lead to s rapid tmproTament 
in conceptual understanding. Hoksvar. although insights can involve 
creative thinking, whan thay do occur: (1) thay c^n involve nrepsrstioa 
and confirmation efforts; and (2) they do not necasasrily ia olva 
unconscious or othar extraordinary thought processes which are outsidt 
the domain of normal reasoning operations— they do not involve a sudden 
break in the train of thought that would in<ficrtta a pura Eureka event 
Th: trein of thoughts S2 reporta weaves a "coharant story" in tha sansa 
.hat each new ides is connected to previous idaas s&d is th ref're at 
le*.it veakly ccnatrfiinad by previous idaas That ha sppaarad to aa the 
proceas^.' .n Figura A, in which new idaae can grow out of modif icstiona 
of o. r.actions to past ideas, i. an even more spacific sense In which 
nia in* i' . d net just emerge from "out of the blue." 

)Thia does not prove that important unconacious or non-ordinary 
proceases cannot occur-Poincaire's femoua Inaight upon antaring a bun 
foay have been one exemple-but it dcas indicata that inaighta csn be 
generated in the absenca of avidanca for such apecial procaasas. 

)S2^a inaight occuzred *£ cer m long atruggle resulting from tha conflict 

?ww •'•^ • racognlzed anomaly. Tha conflict or 

disequilibriLn condition between a p^rsiatant modal and an anomaly 
appears to provide a motivating forca 'or a more intense leval of 
activity for hypotncsU devalop.TJtnt , not dependent on other .xternsl 
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motives. The persistence of the subject's initial model tnt* the tension 
between it and the perceived anomaly may be partially analogous tj the 
persistence of a paradigm in the face of anomalies in science. An 
important function of the strategy of searching for analogou'^ cases is 
that it may help \ r.e subject to break away from such a stable persistent 
model. Thxs helps to explain the presence of intermittent periods of 
nesligi:?le progress and rapid change or insight in such prctocols. 

Creative Mental Processes 

)A subject can use relatively unconstrained, divergent, hypothesis 
generation processe ; which can lead to insights, including Analogy, 
association, transformation, and invention processes. 

)Divergent and creative processes i ^nresent u tignificant departure from 
the more systematic processes of hypoi heses generation envisioned by 
inductionists who would tend to se^ he former as much too unrestrained 
to be part Oi. he scientific enterprise. However, the evaluation 
processes in Figure 4 can prov'J- some strong restraints. Thus, 
alternating between generative and evaluative modes in scientific 
thinking is s%en as a powerful method, even w. »n the generative methods 
are divergent in character and new empirical tests cannot be performed. 

)Divergent processes are relative!;' unconstrained compared to other 
processes, but there ia evidence that generation and modification 
processes can be guided by some ccnstrainta. This makes the model 
construction cycle more powerful than a blind selection and variation 
procesa . 

)Recent analyses of Darwin notebooks have suggested tliat « more 
indicative hallmark of genius than pure Eureka epieoder ia the ability 
to generata tentative analogue modela as a atarting point and then to 
carry out the long struggle of a cycle of repeated generation, 
criticism, and modification or rejection that ia necessary to construct 
a aucceasful new theory. In fact, there are the same prominent features 
which emerged from an analysis of model construction in the thinking 
aloud case study. It was conjectured that the ntoat viable powerful form 
of acientiflc reasoninf may lie in the ability to engage in auch a 
dialectic cycle, rather than in the ability to invent a completed model 
in one stroke. 

)Thus the examples diacu:.s&d here motivate a conception of advanced 
scientific thinking which includes non-deductive, non-inductive, and 
divergent processes. These processes can play an important role in 
producing predictive, explanator;' models which are novel inventions. 



Educational Iit licatio . - 

)The above findings suggest an educational strategy where rather thar. 
•swallowing packaged ideas as a whole" in lectu.e, students ^re helped 
to develop partial models, criticize them, and work from their initial 
model to construct a more ade«^'iate model. 
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)They a^so underscore the ortance of: using analogue modela tc" 
developing understanding} jstering disequilibrium in order to motivate 
efforts tows d model construction; and criticiam and modification (or 
rejection) processrs for overcoming difficulties occuring in atudenta* 
models which contain misconceptions. 

)Explanatory mode.^s are an essential part of acientiflc underatandlng 
that is a separate type of knowledge from either empirical laws or 
forrosx qu&)ititative principles. Educatora need to diatinguiah between 
activities aimed at fora^-'R empirical lavs or quantitative prlnclplea 
and those limed rt form: ^ explanatory modela, since the cognitive 
processes involved may be quite different. Fc example, atudenta are 
unlikely to learn explanatory modela from laboratoriea aimed at 
inductive reasoni or from lectures on ^ rmal quantitative principlea. 

)The learning process outlined in Figure 4 attrmpta to give an explicit 
cognitive meaiin^ for the term "knowledge construction". Aa auch it may 
be usf>ful aa a model of relevant learning proceaaea for guiding 
curriculum plar.nera ar.d practitionera in deaigning and evaluatirg 
inatructional activitlea in acience education. 

In conclusion, it appears to be possible to levelop modele of creetive 
hypotheaia formation processes that are tied to empirical information from 
thin, ing aloud protocols. Many aspects of creative reaaoning proceaaea remain 
poorly underatood: "guided" conjecture, anticipation in the "aha" phenomenon, 
the apparent aalleability if the apatial imagination, emotional factora, 
question asking, and sources of c» ioaity, to name Juat a few. They atill 
inspire awe. Neverthel*ss, creativity ia a mora accaasib)e object of atudy 
than some would claim; it li not alvaya an "inatantaneoua c ryatallzation 
transmitted from the unconscious." Current tecnniquea make the proceea of 
studying creativity a productive and excitii.j one: by uaing protocol analyaia 
and other methods, significant progreaa can be made in increaaing our 
understanding of it. Exactly how much we will be able to underatand and 
explain in thia complex domain— how far our model conatruction cyclea wJll 
take us — remains to be Feen. 
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Notes 
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"e i„dl!?i' J "? """yixs hypothesis generation processes in 

lnveit?«t? 'c'entlat ia an effective heuriatic strategy for 
investiiating a crucial part of the problem. 
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from p^tLo^r??!' ""^'"^ *° f" empirical data 
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c 'n be «oU.d t " "^i^ation of a principle tha 

wUl b. , "P""ntation. In much of what follows, .t 
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ire wn*n It was coiled. However, th-re is no bending in . 
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vertical plane. Twisting <n the square coil can ilao be used to predict 
that the stretch varies with the cube of the coil diaaeter. 

In one sense I an appropriating the term 'explanatory* here aince» aa Kuhii 
(1977) points ^ ^, what counta as explanatory ia different for 
Aristotle, Newton, and quantum physics. I am propoaing that what couati 
lor S2 in this problem fits the definition given — an analogue nodel that 
'4iS *s2^erial elements which are hypothesized aa "candidatea for 
reality." The aharing of material elements between model and target can 
be tcr*2tfd material correapondencc, and this aaaumptioo aeems to be a 
minimal requirement for something to have potential aa an explanation. 
Whether a satisfying explanation ia actually attained, however, will 
also depend on other factors auch aa the aupport for and 
conprehensibility of the model. 

Many sequences of mathematical models, especially in applications of the 
calculus, have the form ahovn in Figure 15. In thia view, matheaatical 
limit arguments, which examine properties as one paaaea from an 
analyzable simpler model and appro^^ches the limit of tha target 
aituation, are aoph ist icated attempts to Justify vhe intuitive validity 
of th^ analogy between the model and the target aituation. The role of 
analociea and models in mathematical understanding haa been diacuaaed by 
Fiachbein (1987). 

Lenat (1983) describes an attempt to develop a aimulation model for the 
proceaa of aelecting "interesting" p ^blems (theorems for analyaia) in 
mathemat ics . 
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LOCATION OF EVIDENCE FOR A MODEL CONSTRUCTION CYCLE OF HYIQTHESIS GENERATION, 
CRITICISM, AND MODIFICATION OR REJECTION 

Key G - Generates Hypothesized Mo^Jel 

C • Criticizes Model 

M - Modifies Model 

R - Reconsider-: Model 

D " Drops or Rejects Model 



Line 



Process Hypothet ical 
Model 



Comments 



5 
23 
23 

23 
23 



57 
87 
117 
119 
121 

ir2 

122 



C 
G 
M 

C 
M 

* 

JC ] 

D 
R 
C 
R 
M 

C 
R 



Horizontal Rending 
Rod 



Square Coil 
Zig'Zag it\ 



Zig-Zag 02 

with Stiff Joints 



Drops Zig-Zag Models 
Rod Model 

M m 

Square Coil 
Hexagonal Coil 



Square Coil 



Initial analogy 

Bending in rod, but not in helix 

Modifies square to produce 
zig-zag model 

Joints confounding 

Modifies zig-zag tfl to produce tf2 



Bending in zig-zag, but not in 
helix 



Bending in rod, but not \n helix 



Makes torsion discovery in hexagon 

Hexagon geometry too complex 

(Leads to successful prediction of 
restoring forcea without cumulative 
bending in spring wire) 



Inferred in absence of direct evidence in protocol. 
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(n) DEDUCE PREDICTIONS 
AND TEST 
EMPIRICALLY 

TAIL PASS 
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figure 1 
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(B) DEDUCE PRnDICTIONS 
Aim Ti;ST 
EMfiRlCALLY 

tAIL PASS 
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FORMAL PKir.CipLLS 



MODLL 
HYPOTFESKS 



e>:pirical Us.: iivpothesls 

M;^THt>l;^TICAL OR VERBAL 
DCSCRIPTIO'iS or PATTERfJS 
IN OBSCRVATlL^NS 



More 

Ejnpi rical 



OBSERVATION'S 
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B, ACTIVATL POSSIbLE 


INITIAL 




ANALOG Ii:S AND K£LA- 


ODSERVATIONS 




TED MODEL ELEMENTS 



C. COI^STKUCT 

iraTiAL 

MODEL 




D. R/iTIOl.'AL (NON-EMPIRICAL) 
EVALUATION (e.g. FOR 
COlJtlSTLIJCY) 



FAIL 



PASS 



F. CfiNSTRUCT AND PERFORM 
EMPIRICAL TESTS 



FAIL 



PASS 
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ACTIVATE POSSIBLE 
AIJALOC I ES AND RELA- 
TED MODEL ELEMENTS 




CONSTRUCT 
INITIAL 
MODEL 



KATIONAL (NON- 
UN/IKICAL) 
EVALUATION 

PASS 
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